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How plant cells communicate with each other and sense signals from their surrounding 
environment is one of the most intriguing research questions in plant development and plant 
defense. Research over the past decades has shown that plants can percieve and process 
information at the cellular level through various classes of cell surface receptors, which is 
subsequently relayed into the cell, usually through the activity of different types of 
intracellular kinases (Kobe and Kajava, 2001; Torii, 2005). Evidence is also accumulating for 
cell surface receptors to act in multimeric complexes that may contain receptor-like proteins 
(RLPs) as well as receptor-like kinases (RLKs) (Shiu and Bleecker, 2001a; 2001b; 2003; 
Tichtinsky et al., 2003; Kruijt et al., 2005). 
 
Plant proteins with extracellular leucine-rich repeats (eLRRs) can be divided into four classes 
based on the presence of distinct structural motifs (Fig. 1). The first class comprises 11 
secreted proteins in Arabidopsis thaliana that contain an extensin motif at the C-terminus and 
are designated as LRX-like proteins (Baumberger et al., 2003). One of these proteins is 
LRX1, which was shown to be important for root hair morphogenesis (Baumberger et al. 
2001). 
 
The second class of proteins represents secreted proteins with a variable number of LRRs 
carrying multiple potential glycosylation sites (Fig. 1). Many of these proteins possess 
polygalacturonase-inhibiting activity and are designated as PGIPs (Toubart et al., 1992; 
Worrall et al., 1998; Guyon et al., 2004).  
 
RLPs represent the third class of eLRR proteins, which typically consist of an eLRR domain, 
a transmembrane domain and a short cytoplasmic tail that lacks any apparent signaling 
domain (Fig. 1; Table 1). The RLPs were found to play roles in plant development, such as 
Too Many Mouths (TMM) that regulates stomatal distribution (Yang and Sack, 1995; Nadeau 
and Sack, 2002), and CLAVATA2 (CLV2) and its functional maize ortholog FEA2 that 
regulate meristem maintenance (Jeong et al., 1999; Taguchi-Shiobara et al., 2001). In 
addition, many RLPs are involved in disease resistance. These include the tomato Cf and Ve 
proteins and the apple HcrVf proteins that mediate resistance against Cladosporium fulvum, 
Verticillium spp. and Venturia inequalis, respectively (Jones et al., 1994; Kawchuk et al., 
2001; Belfanti et al., 2004; Thomma et al., 2005; Fradin and Thomma, 2006; Stergiopoulos 
and de Wit et al., 2009). 
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Figure 1. Schematic representation of the four classes of plant extracellular leucine-rich repeats (eLRR) 
proteins. eLRRs, extracellular leucine-rich repeats; TM, transmembrane domain. 
 
A large class of eLRR-containing transmembrane kinases (LRR-RLKs) that resemble animal 
growth factor receptor tyrosine kinases represent the last group of eLRR proteins (Table 2), 
suggesting that similarities between plants and animals in signal perception and transduction 
(Shiu and Bleecker, 2001a; 2001b). The extracellular part of RLKs is similar to that of RLPs, 
but RLKs contain a cytoplasmic kinase domain that undergoes intra- or intermolecular 
phosphorylation to relay the signal upon ligand perception (Fig. 1). More than 200 RLKs have 
been identified in Arabidopsis, representing 2.5% of the organism's protein-coding genes 
(Shiu and Bleecker, 2001a; 2001b). RLKs participate in a range of diverse processes, 
including disease resistance, hormone or peptide perception and regulation of many 
developmental processes, such as meristem development, stem elongation, and pollination 
(Table 2). However, to only a few of the Arabidopsis RLKs a function has been assigned 
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(Table 2), including ERECTA (ER; Torii et al., 1996), Brassinosteroid Insensitive 1 (BRI1; Li 
and Chory 1997; Wang et al., 2001), CLV1 (Clark et al., 1997), Flagellin Sensitive2 (FLS2; 
Gòmez-Gòmez and Boller, 2000) and Brassinosteroid-associated Kinase 1 (BAK1, Li et al., 
2002; Nam and Li, 2002). 
 
In this review, we provide an update on the recent scientific achievements concerning RLPs 
and RLKs. The emphasis will be on structural characteristics and specificity determinants of 
RLPs and RLKs, subcelluar dynamics upon ligand perception and molecular interactions. 
 
Table 1. Plant LRR-RLPs with known functions. 
 
 
RLP family in Arabidopsis 
 
In Arabidopsis two RLPs, CLV2 and TMM, have been studied extensively (Kayes and Clark, 
1998; Jeong et al., 1999; Nadeau and Sack, 2002). The CLV-signaling pathway is responsible 
for maintaining a balanced meristematic cell population in the shoot apical meristem (SAM) 
(Brand et al., 2000; Schoof et al., 2000). In the CLV pathway, CLV2 heterodimerizes with 
CLV1 and forms a complex with other signaling proteins (Jeong et al., 1999). Through this 
complex, CLV3 activates downstream signaling compounds (Sharma et al., 2003). TMM 
regulates stomatal distribution by controlling the meristemoid formation as well as initiation 
of stomatal precursor cells (Yang and Sack, 1995). The latest findings suggest that TMM 
negatively regulates ERECTA family members for proper stomatal differentiation (Shpak et 
al., 2005). 
 
In Arabidopsis 57 RLPs were identified by bioinformatic analyses (Fig. 2), of which 56 were 
previously identified (Fritz-Laylin et al., 2005). Seventeen RLP-encoding genes, including 
CLV2 and TMM, are located on chromosome 1, 11 on chromosome 2, 16 on chromosome 3, 6 
on chromosome 4, and 6 on chromosome 5 (Fig. 2). The RLP genes are scattered throughout 
the Arabidopsis genome with several clusters containing three or more RLP genes, whereas 
 
Gene Organism Function References 
CLV2 Arabidopsis Meristem development Jeong et al. (1999) 
FEA2 Maize Meristem development Taguchi-Shiobara et al. 
(2001) 
 
Development 
TMM Arabidopsis Stomatal distribution Nadeau and Sack (2002) 
Cf-2 Tomato Leaf mold resistance Dixon et al. (1996) 
Cf-9 Tomato Leaf mold resistance Jones et al. (1994) 
Ve1/Ve2 Tomato Verticillium resistance Kawchuk et al. (2001) 
Vf2 Apple Apple scab resistance Vinatzer et al. (2001) 
Belfanti et al. (2004) 
 
Disease 
resistance 
LeEix1/LeEix2 Tomato Xylanase elicitor perception Ron and Avni (2004) 
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Table 2. Plant LRR-RLKs with known functions. 
 
                                                                                                                                Table continued on next page. 
Gene Organism Function Putative ligand References 
CLV1 Arabidopsis Meristem maintenance CLV3/CLEs Clark et al., 1993, Clark et 
al., 1997; Trotochaud et 
al., 2000; Ogawa et al., 
2008 
BAM1 Arabidopsis Meristem, gametophyte, ovule and 
vascular development 
? DeYoung et al., 2006;  
Hord et al., 2006 
BAM2 Arabidopsis Meristem, gametophyte, ovule and 
vascular development 
? DeYoung et al., 2006;  
Hord et al., 2006 
BAM3 Arabidopsis Meristem, gametophyte, ovule and 
vascular development 
? DeYoung et al., 2006;  
Hord et al., 2006 
TD1 Maize Meristem and vegetative development  Bommert et al., 2004 
BAK1/SERK3 Arabidopsis Brassinosteroid response/flagellin and 
EF-Tu 
signaling 
Flagellin/EF-Tu ? Li et al., 2002; Nam and Li, 
2002;  Kemmerling et al., 
2007;He et al., 2007;  
Heese et al., 2007;  
Chinchilla et al., 2007 
BRI1 Arabidopsis Brassinosteroid perception BR Li and Chory 1997; He et 
al., 2000; Wang et al., 
2001; Kinoshita et al., 
2005 
BRL1 Arabidopsis Brassinosteroid perception BR Cano-Delgado et al., 2004; 
Zhou et al., 2004 
BRL3 Arabidopsis Brassinosteroid perception BR Cano-Delgado et al., 2004;  
Zhou et al., 2004 
BRL2 Arabidopsis Vascular  maintenance ? Clay and Nelson, 2002; 
Cano-Delgado et al., 2004 
SERK1 Arabidopsis Ovule development ? Hecht et al., 2001;  
Albrecht et al., 2005;  
SERK2 Arabidopsis Ovule development ? Albrecht et al., 2005 
ERECTA Arabidopsis Organ/Stomatal development/ 
Resistance to Ralstonia solanacearum 
? Torii et al., 1996; Godiard 
et al., 2003; Shpak et al., 
2004;  Shpak et al., 2005 
ERL1 Arabidopsis Organ/Stomatal development ? Shpak et al., 2004;  Shpak 
et al., 2005 
ERL2 Arabidopsis Organ/Stomatal development ? Shpak et al., 2004;  Shpak 
et al., 2005 
ACR4 Arabidopsis Cell layer organization ? Gifford et al., 2003; 
Watanabe et al., 2004 
SUB Arabidopsis Organ development ? Chevalier et al., 2005 
SCM Arabidopsis Positional development in root ? Kwak et al., 2005 
RPK1 Arabidopsis ABA signaling/ embryonic and 
postembryonic development 
? Osakabe et al., 2005;  
Nodine et al., 2007;  
Nodine et al., 2008 
RPK2/ 
Toad2 
Arabidopsis Anther development and Embryonic 
and postembryonic development   
? Mizuno et al., 2007; 
Nodine et al., 2007;  
Nodine et al., 2008 
EMS1/EXS Arabidopsis Anther cell development ? Zhao et al., 2002; Canales 
et al., 2002 
HAESA/ 
RLK5 
Arabidopsis Leaf abscission ? Jinn et al., 2000 
FON1 Rice Floral meristem maintenance ? Suzaki et al., 2004 
OsBRI1 Rice Internode elongation ? Yamamuro et al., 2000 
CURL3/ 
SR160/ 
tBRI1 
Tomato Steroid and peptide hormone/ 
Systemin perception 
Systemin/BR ? Montoya et al., 2002;  
Scheer and Ryan, 2002   
HvBRI1 Barley Brassinosteroid perception/response BR ? Chono et al., 2003 
MSP1 Rice Sporogenic development ? Nonomura et al., 2003 
Xa21 Rice Resistance to Xanthomonas oryzae 
pv. oryzae 
? Song et al., 1995 
Xa26 Rice Resistance to Xanthomonas oryzae 
pv. oryzae 
? Sun et al., 2004 
FLS2 Arabidopsis Flagellin perception flg22 Gòmez-Gòmez and Boller, 
2000; Gòmez-Gòmez et 
al., 2001; Chinchilla et al., 
2007 
EFR Arabidopsis EF-Tu perception and response EF-Tu Zipfel et al., 2006 
LePRK1/ 
LePRK2 
Tomato Pollen development Pollen LAT52 ? Tang et al., 2002 
PSKR Carrot Phytosulfokine mediated growth 
response 
Phytosulfokine 
 
Matsubayashi et al., 2002 
HAR1 Lotus Root development and nodulation ? Krusell et al., 2002 
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singlets and doublets also occur in a similar fashion as has been observed for the distribution 
of NB-LRR type of resistance genes (Fig. 2). Also, patterns of gene conversion have been 
observed that might have played an important role in the evolution and genomic organization 
of RLP genes (Mondragon-Palomino and Gaut, 2005). 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. The distribution of RLP genes over the 
different chromosomes of the Arabidopsis genome. The 
numbers on the top indicate the chromosome number. 
 
 
SYMRK Lotus Bacterial/fungal symbiosis and  
mycorrhiza formation 
? Stracke et al., 2002 
LKA Pea Brassinosteroid perception BL Nomura et al., 2003 
NORK Alfalfa Nod-factor perception Rhizobial nod factor 
? 
Endre et al., 2002 
SUNN Alfalfa Nodule number, root length ? Schnabel et al., 2005 
NARK Soybean Nodule development ? Nishimura et al., 2002; 
Searle et al., 2003 
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CLV2 signaling during development of the shoot apical meristem (SAM) and the root 
apical meristem (RAM) 
 
One of the prominent differences between plant and animal development is that plants are 
capable of continuously generating new organs throughout their entire life span. This is due to 
the continuous activity of the meristem, where a stable population of undifferentiated stem 
cells resides (Groß-Hardt and Laux, 2003). The SAM produces all the above-ground organs 
whereas the RAM drives the formation of all the below-ground organs. The SAM has a highly 
organized architecture comprising different zones and cell layers (Fig. 3; Groß-Hardt and 
Laux, 2003). The central zone (CZ) of the SAM contains the undifferentiated stem cell 
population and a surrounding region or peripheral zone (PZ) that drives cell differentiation 
and organ initiation (Fig. 3; Groß-Hardt and Laux, 2003). At the summit portion of the CZ 
and the PZ, the cells are organized into three discrete cell layers: L1, L2 and L3. In the L1 and 
L2 layers, which form the outer tunica layers, the cells divisions are strict, while this is less so 
in the L3 layer (Fig. 3). The L1 and L2 layers generate the epidermis and sub- epidermis, 
respectively, whereas the L3 layer is involved in the formation of lateral organs and the shoot 
axis (Groß-Hardt and Laux, 2003). 
  
The proper balance between maintenance of undifferentiated stem cells and cell division is 
critical for organ initiation and formation. Insight into in the maintenance of stem cells in the 
SAM has revealed three CLV genes, CLV1, CLV2 and CLV3, which are implicated in this 
process (Diévart et al., 2003; Matsubayashi, 2003). Loss-of-function of any of the CLVs 
causes the progressive accumulation of undifferentiated stem cells, resulting in an enlarged 
meristem, increased floral organ numbers and altered phyllotaxy (Clark et al, 1993; Clark et 
al, 1995; Kayes and Clark, 1998). The clv1 and clv2 null mutants show similar but weaker 
phenotypes than the clv3 null mutant, and intermediate and strong clv1 alleles were shown to 
be dominant-negative mutants (Kayes and Clark, 1998; Diévart et al., 2003). All clv mutants 
produce an excess of stem cells in the CZ of the floral meristem, resulting in the formation of 
additional carpels that give rise to club-shaped siliques (Kayes and Clark, 1998; Fletcher et 
al., 1999; Clark et al., 1997). The observation that double clv mutants exhibit similar 
phenotypes as the single clv mutants suggests that all three CLV genes are functioning in a 
common pathway to control the differentiation of stem cells in the shoot and floral meristem 
(Clark et al. 1995; Clark et al., 1997; Kayes and Clark, 1998; Fletcher et al., 1999). It is 
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striking that, unlike CLV1 and CLV3, the function of CLV2 is not restricted to meristem 
maintenance (Kayes and Clark, 1998; Jeong et al., 1999).  
 
Figure 3. Schematic representation of 
the Arabidopsis shoot apical meristem 
(SAM). CLV3 expression is restricted to 
stem cells in the outer layers of the 
central zone and WUS expression is 
detected in a few cells in the deeper 
layers of the SAM, while CLV1 is 
expressed in the meristem centre that 
encloses the WUS expression domain. 
The CLV3-WUS negative feedback loop 
is indicated, where CLV3 restricts WUS 
expression and WUS activates CLV3 expression. The three cell layers are marked as L1, L2 and L3 and the 
expression domains of CLV1, CLV3 and WUS are indicated in red, purple and brown, respectively. 
 
Molecular cloning revealed that the CLV1 gene encodes an LRR-RLK with 23 consecutive 
LRRs, a transmembrane domain and a functional cytoplasmic kinase domain (Clark et al., 
1997). CLV2 is an RLP lacking a cytoplasmic kinase domain (Jeong et al. 1999). In clv2 
mutants no CLV1 protein could be detected although CLV1 was transcribed, suggesting that 
CLV2 is required for the stability of CLV1 (Jeong et al. 1999). CLV3 is a secreted peptide 
ligand that binds to the ectodomain of CLV1, thereby limiting the size of the stem cell 
population in the SAM (Fletcher et al., 1999; Clark et al., 1997; Jeong et al., 1999; Ogawa et 
al., 2008). CLV3 belongs to the CLV3/ESR (CLE) gene family (Cock and McCormick, 2001; 
Fiers et al., 2005) which contains a so-called CLE motif that is functional in limiting the 
Arabidopsis SAM size when either expressed from a transgene or applied exogenously (Hobe 
et al., 2003; Fiers at al., 2004; Fiers et al., 2005). These results also indicate that the CLE 
motif represents the functional domain of the CLE proteins (Fiers et al., 2006; Ni and Clark, 
2006). Recently, the endogenous mature form of CLV3 (MCLV3) was determined as a 12-
AA peptide that corresponds to the CLE motif of CLV3 (Kondo et al., 2007; Ito et al., 2007).  
 
The CLV1 protein was found to be part of two protein complexes, one of 450 kDa and one of 
185 kDa (Trotochaud et al., 1999). The 185 kDa complex is supposed to be inactive and 
represents a disulfide-linked CLV1 homo- or hetero-multimer possibly containing both CLV1 
and CLV2. The 450 kDa protein complex contains the 185 kDa complex and is assumed to be 
Chapter 1                                                                           
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the active complex that requires the presence of a functional CLV2 protein for its stability 
(Trotochaud et al., 1999). In addition, two other proteins have been identified as components 
of the 450 kDa complex: KAPP, a phosphatase which was previously shown to be a negative 
regulator of the CLV pathway (Williams et al, 1997; Stone et al, 1998), and a Rho/Rac-
GTPase related protein (ROP) which also has been found in many other signal transduction 
pathways. 
 
CLV1 is predominantly expressed in the inner cells of the SAM CZ, whereas CLV3 is strictly 
expressed in the upper cell layers of the SAM CZ (Clark et al., 1997; Mayer et al., 1998). 
Unlike CLV1 and CLV3, CLV2 is ubiquitously expressed in many organs, albeit with the 
highest level in SAM (Jeong et al. 1999; Chapter 3.1). This suggests that CLV2 may have a 
more general function, perhaps in association with other RLKs (Kayes and Clark, 1998; 
Chapter 2).  
 
In the SAM, the homeodomain transcription factor WUSCHEL (WUS) is expressed in the 
organizing centre (OC), just underneath the stem cells. WUS is a stem cell-promoting 
transcription factor. As such, the wus mutant exhibits premature meristem termination after 
the formation of few organs (Laux et al., 1996; Mayer et al., 1998). The WUS expression 
domain is expanded in clv3 mutants, while CLV3 over-expression causes meristem arrest, 
mimicking the phenotype of the wus mutant (Brand et al., 2000; Schoof et al., 2000; Lenhard 
and Laux, 2003). Taken together, this suggests the existence of a negative regulatory feedback 
loop involved in the regulation of the stem cell population, in which CLV3 acts in the stem 
cell population to negatively restrict WUS expression, while WUS in the organizing centre 
positively activates CLV3 expression in the centre of the meristem (Lenhard and Laux, 2003).  
 
There is evidence that CLV2 also has a function in root development (Fiers et al., 2005). 
Over-expression of CLV3, CLE19 and CLE40 causes root growth arrest (Fig. 4; Hobe et al., 
2003; Fiers et al., 2004), which is prevented in a clv2 mutant as has been shown for CLE19 
(Fiers et al., 2004; Fiers et al., 2005). Furthermore, the RAM of the clv2 mutant no longer 
responds to in vitro application of chemically synthesized CLE peptide, corresponding to the 
conserved CLE motif (Fiers et al., 2005), suggesting the involvement of the CLV2 receptor in 
the perception of CLE peptide in the root. The newly identified coryne/suppressor of 
overexpression of LLP1-2 (crn/sol2) mutant (Casamitjana-Martínez et al. 2003), like the clv2 
mutant, showed similar resistance to various CLE peptides (Miwa et al., 2008; Müller et al. 
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2008). CRN/SOL2 is a RLK containing a short non-LRR extracellular domain and a 
cytoplasmic kinase domain (Miwa et al., 2008; Müller et al. 2008). CRN/SOL2 might be 
responsible for meristem maintenance acting synergistically with CLV2 in a receptor 
complex. Thus, the kinase domain of CRN/SOL2 might complement the lack of an 
intracellular kinase in CLV2, while the extracellular LRR domain of CLV2 might interact 
with a putative ligand such as CLV3 (Miwa et al., 2008; Müller et al. 2008). This result 
suggests the existence of a CLV-like pathway in root development (Fiers et al., 2007; Müller 
et al. 2008). 
 
  
 
 
 
 
 
 
Figure 4. Schematic representation of the Arabidopsis root 
apical meristem (RAM). WOX5 expression is restricted to the 
organizing centre cells. CLV2 and (an) unknown CLE(s) might 
regulate the WOX5 expression domain. c, cortex; crc, 
columella root cap; e, endodermis; ep, epidermis; p, pericycle; 
lrc, lateral root cap. 
 
No visible phenotype is observed in the roots of clv2 mutants, suggesting that a redundant 
protein compensates for the loss of CLV2 function in the root (Fig. 4). Surprisingly, only a 
few RLP genes are expressed in roots, as described in Chapter 2, and their expression levels 
are quite low. These RLPs might be candidates for functioning in root development. Studies 
of multiple mutants of these genes will help to clarify their biological function in root 
development. Possibly, the altered root phenotype of the clv2 mutant might be so subtle that it 
remains unnoticed. It might also involve a CLV2 co-receptor, perhaps one of the RLKs that 
are expressed in the root (Birnbaum et al., 2003; Nawy et al., 2005), such as Barely Any 
Meristem 1 (BAM1), BAM2, BAM3 or CRN/SOL2 (DeYoung et al., 2006; Miwa et al., 2008; 
Müller et al. 2008). The analysis of root phenotypes in mutants that have mutations in CLV2 
and the BAMs or CRN/SOL2 will help to resolve their role in root growth. In addition, WUS-
Chapter 1                                                                           
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RELATED HOMEOBOX 5 (WOX5), a homologue of the WUS gene, marks the quiescent 
centre (QC) identity and is expressed very early in the hypophysial cell (Sarkar et al., 2007). 
Loss of WOX5 function leads to abnormal shape and enlarged QC cells. WOX5 expression is 
initiated in the embryonic cell lineage that gives rise to the QC and persists in the QC during 
postembryonic root growth, which is similar to that of WUS in the SAM (Haecker et al., 2004; 
Sarkar et al., 2007). In conclusion, these data indicate that stem cell maintenance in SAM and 
RAM shares related regulators, albeit that some components in the RAM have not yet 
identified (Sarkar et al., 2007).  
 
CLV2 has multiple functions in organ development 
 
Loss of CLV2 function results in an enlarged SAM and an increased number of flower organs 
(Kayes and Clark, 1998). These phenotypes, although similar, are weaker than those in clv1 
and clv3 mutants. The flower pedicels of clv2 mutants are 50% longer than those of the wild 
type Landsberg erecta (Ler), suggesting that clv2 suppresses the reduction of pedicel length 
phenotype of er (Kayes and Clark, 1998).  In clv2 mutant flowers, the valves are only present 
on the basal part of the gynoecia. Loss of CLV2 also results in reduced anther numbers (Kayes 
and Clark, 1998). In addition, it has been shown that no additional organs develop in clv2 
flowers under short-day (SD) conditions, whereas the SAM remains enlarged and the pedicel 
length is identical to that of the clv2 mutant grown under long-day (LD) conditions, 
suggesting that the regulation of the flower meristem by CLV2 is dependent on the 
physiological state (Kayes and Clark, 1998). Alternatively, it is hypothesized that a yet 
unidentified RLP gene, expressed at a high level under SD, is able to functionally compensate 
for the activity of CLV2. It is also possible that an RLP gene, specifically expressed under SD, 
can restore normal flower signaling. To identify this protein requires finding the CLV2 
equivalent(s) under SD. The observation of the elongated pedicels in the clv2 mutants under 
SD suggests that the regulation of pedicel length is independent of the regulation of the flower 
meristem (Kayes and Clark, 1998).  
 
While CLV2 functions in the same pathway as CLV1 and CLV3 to restrict the stem cell 
population in the shoot and flower meristem (Clark et al., 1997; Kayes and Clark, 1998; 
Fletcher et al., 1999), CLV2 has broader functions, which is reflected by its broader 
expression pattern (Jeong et al. 1999; Chapter 2; Chapter 3.1). In order to better understand 
the function(s) of CLV2 signaling, a detailed investigation of the clv2 phenotype with 
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additional alleles is essential to shed more light on the different functions of CLV2 and to 
enable identification of the redundant protein(s) under SD. 
 
CLV2 polymorphisms 
 
The CLV2 gene from multiple Arabidopsis ecotypes is highly polymorphic with ca. 10-fold 
greater nucleotide diversity than any of the previously studied genes involved in the 
regulation of plant development (Jeong et al. 1999; Shepard and Purugganan, 2003). Despite 
this high level of polymorphism, all clv2 alleles obtained in various Arabidopsis accessions 
exhibit similar phenotypes, suggesting that CLV2 allows a balanced level of polymorphism 
(Kayes and Clark 1998). 
 
Interestingly, the observation that most of the polymorphic sites are located in the N-terminal 
LRRs (LRR1-LRR4) of CLV2 suggests that these LRRs may not be functionally as important 
as other LRRs in determining functional specificity (Jeong et al., 1999). 
 
TMM 
 
TMM encodes an RLP lacking an intracellular kinase domain, which regulates stomatal 
distribution by controlling the initiation of stomatal precursor cells (Yang and Sack, 1995). 
Mutations in the TMM gene lead to alterations in the asymmetric divisions in the stomatal 
lineage. TMM is expressed in shoot epidermal cells and the young leaf primordial, but not in 
the SAM (Nadeau and Sack, 2002). Expression of a functional TMM-GFP could be shown in 
many neighbouring cells but was absent in fully differentiated guard cells and pavement cells 
(Nadeau and Sack, 2002). TMM-GFP is also expressed in stomatal precursor cells with a high 
expression level in meristemoid cells, but less abundant in guard mother cells (Nadeau and 
Sack, 2002). 
 
TMM negatively regulates three RLKs of the ER-family for proper stomatal differentiation 
(Shpak et al., 2005). The examination of the triple mutant er erl1 erl2 revealed striking 
stomatal overproliferation and spacing defects, which is similar to the tmm phenotype (Shpak 
et al., 2005). The tmm er double mutant results in complex stomatal distribution. It is thus 
supposed that a presumed TMM/ER complex can be formed, relying on TMM for 
determining the specificity for perception of the signal molecule(s) and the kinase-containing 
ER receptors for transmitting the signal inward. YDA, a mitogen-activated protein kinase 
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kinase kinase (MAPKKK) that has been shown to act as a switch between stomatal and 
pavement cell fate would be a potential downstream target of TMM/ER (Bergmann et al. 
2004). Furthermore, the extracellularly-localized subtilisin protease SDD1 is proposed to 
process a precursor of an unknown mobile signal that controls stomatal density and pattern 
(Berger and Altmann 2000). More recently, Hara et al. (2007) identified the EPIDERMAL 
PATTERNING FACTOR 1 (EPF1) that encodes a small secretory peptide expressed in 
stomatal cells that controls stomatal patterning and density. The over-expression phenotype of 
EPF1 is dependent on the TMM and ER, suggesting that EPF1 may provide a stomata 
positional cue interpreted by these two receptors (Hara et al., 2007). Taking into account the 
predicted secretory nature of EPF1, it is hypothesized that EPF1 is perceived by the TMM and 
ER receptors in neighbouring cells and provides the correct positional signal to regulate 
asymmetric cell division, resulting in proper stomatal distribution (Hara et al., 2007). 
 
RLPs in other plant species 
 
Rice RLPs 
 
In total, 90 RLPs have been identified in rice (Fritz-Laylin et al., 2005). Many rice RLPs  
are clustered at genomic loci with an average of six RLPs per locus compared to 2.6 in 
Arabidopsis, indicating that tandem gene duplications have contributed to the expansion of the 
rice RLP family as has been observed for other types of receptor genes involved in disease 
resistance of rice (Fritz-Laylin et al., 2005).  
 
Most of the rice RLPs cluster into four distinct superclades of which at least one member has 
been functionally characterized. To predict genes that function in development, conserved 
RLP genes represented as a singleton at a genomic locus of Arabidopsis and rice were 
compared, based on the hypothesis that developmental genes are less likely to be duplicated 
than R-genes. This analysis revealed four putative developmental orthologs (PDO) genes in 
rice, namely osPDO1, osPDO2, osPDO3 and osPDO4. Specifically, osPDO3 shares 45% and 
83% identity with Arabidopsis CLV2 and maize FEA2, respectively, suggesting that osPDO3 
might have a similar function as these proteins. OsPDO4 is the presumed rice ortholog of 
TMM, sharing 48% amino acid identity, but whether this is a functional ortholog remains to 
be determined (Fritz-Laylin et al., 2005). Therefore, their function(s) could be investigated 
using rice T-DNA mutants or by RNAi approaches (Miyao et al., 2003; Droc et al., 2005; 
Zhang et al., 2006). 
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Maize FEA2 
 
The maize fea2 (fasciated ear2) mutant causes a phenotype that resembles the meristem 
enlargement found in Arabidopsis clv mutants, although its role differs in some respects 
(Taguchi-Shiobara et al., 2001). FEA2 encodes an LRR-RLP that has many structural features 
in common with CLV2 (Taguchi-Shiobara et al., 2001). A FEA2-GFP fusion protein is 
detected mainly in a thin line of the cell periphery, suggesting plasma membrane localization 
(Taguchi-Shiobara et al., 2001). 
 
The presence of FEA2 as a CLV2-ortholog in maize suggests that the CLV pathway, as 
determined in Arabidopsis, might be functionally conserved in monocots. In line with this, 
maize THICK TASSEL DWARF1 (TD1) most likely encodes a functional ortholog of 
Arabidopsis CLV1 (Bommert et al., 2005). A mutation in TD1 leads to a dramatic fasciation 
of the ear tip, resulting in an enlarged inflorescence meristem. In Arabidopsis, the CLV1 and 
CLV2 protein are proposed to form a heterodimeric receptor complex as supported by genetic 
analyses (Jeong et al., 1999). The resemblance between phenotypes of td1 and fea2, and the 
similarity of their protein features with CLV1 and CLV2, respectively, suggests that TD1 and 
FEA2 would also occur as heterodimers in a receptor complex. However, the genetic analyses 
on td1 fea2 double mutants suggest that td1 and fea2 do not likely function in a single 
pathway as described for that of CLV1 and CLV2 (Bommert et al., 2005). 
 
Tomato Cf-4 and Cf-9 
 
Cladosporium fulvum is a biotrophic fungus that causes leaf mold of tomato (Solanum 
lycopersicum). The interaction between C. fulvum and tomato serves as a good model to study 
the defense signaling. The tomato resistance genes Cf-4 and Cf-9 belong to the Hcr9 
(homologues of C. fulvum resistance gene Cf-9) gene family (Jones et al., 1994; Thomas et 
al., 1997), and mediate recognition of the cysteine-rich C. fulvum effectors Avr4 and Avr9, 
respectively. This recognition leads to a defense response that includes the hypersensitive 
response (HR), which results in a complete inhibition of the pathogen (Joosten et al., 1999). 
 
Cf-4 and Cf-9 share 91% identity at the protein level with 67 AA being different. The 
majority of the variable AAs are located in the LRRs (van der Hoorn et al., 2001). Cf-4 and 
Cf-9 contain 25 LRRs and 27 LRRs, respectively, where Cf-4 lacks two complete LRRs 
corresponding to LRR11 and LRR12 of Cf-9. Both Cf-4 and Cf-9 are predicted to have a 
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signal peptide followed by a cysteine-rich B domain and a C domain with two stretches of 
LRRs (C1 and C3 connected by the non-LRR island C2 domain). After the LRR domain are a 
D domain without recognized features, which is followed by an acidic region (E), a single 
transmembrane domain (F) and a short, basic, cytoplasmic tail lacking ovbious signaling 
motifs such as a kinase domain. The number of LRRs, as well as a few specific AAs in 
particular LRRs are essential for Cf-4- and Cf-9- specificity (van der Hoorn et al., 2001; 
Wulff et al., 2001).  
 
Based on the gene-for-gene model, it was expected that Avr4 and Avr9 would interact 
directly with the resistance proteins Cf-4 and Cf-9, respectively. However, a direct interaction 
could not be shown between these two RLPs and their cognate Avrs, whereas the direct 
interaction between the fungal EIX elicitor and the RLP LeEIX of tomato could be shown 
(Ron and Avni, 2004). Direct interactions between resistance proteins and cognate Avrs seem 
an exception rather than the rule, and the interaction of Cf and Avr proteins is most likely 
indirect, complying with the guard hypothesis that assumes that the status of the host target of 
an effector is monitored by the resistance protein. A mutatgenesis screen searching for genes 
required for Cf-9-mediated recognition of Avr9 was carried out, in which two loci required 
for full C. fulvum resistance, Rcr1 and Rcr2, were identified (Hammond-Kosack et al., 1994). 
A secreted papain-like cysteine endoprotease, Rcr3, was shown to be specifically required for 
Cf-2-mediated resistance (Dixon et al., 2000; Kruger et al., 2002). Avr2 was shown to bind 
Rcr3 to inhibit its protease activity, which triggers a Cf-2–dependent HR (Rooney et al., 
2005). Neverthelss, Rcr3 is not required for Cf-4, Cf-5 or Cf-9 function. Therefore Rcr3 is not 
a component of a conserved Cf signal transduction pathway (Dixon et al., 2000). 
 
Tomato Ve(s) 
 
Verticillium spp. can cause wilt disease, resulting in severe losses of yield and quality in many 
crop species such as tomato, potato, eggplant and strawberry (Fradin and Thomma, 2006).  In 
tomato, two closely linked inverted genes, Ve1 and Ve2 have been shown to confer race-
specific resistance to Verticillium spp. (Kawchuk et al., 2001). Molecular cloning of Ve1 and 
Ve2 showed that both genes encode RLPs, sharing 84% AA identity (Kawchuk et al., 2001). 
Ve1 and Ve2 contain 38 imperfect extracellular LRRs, which might function in the protein-
protein interactions and ligand binding. In addition, a PEST domain for protein degradation is 
presented in Ve2, but not in Ve1 (Kawchuk et al., 2001). Furthermore, some short proteins 
General Introduction and Outline 
 
 23 
motifs that might target the protein for endocytosis are also present in Ve1 and Ve2 
(Kawchuk et al., 2001). Over-expression of Ve1 and Ve2 in susceptible potato plants 
conferred resistance against V. albo-atrum race 1, but not against P. infestans, suggesting that 
these genes also possess the capacity to recognize another Verticillium species in different 
hosts (Kawchuk et al., 2001). However, Fradin et al. have recently shown that Ve1, but not 
Ve2, provides resistance against race 1 strains of V. dahliae and V. albo-atrum in tomato, and 
not against race 2 strains. Using virus-induced gene silencing (VIGS) in tomato, the signaling 
cascade downstream of Ve1 was shown to require EDS1, NDR1, NRC1, ACIF, MEK2 and 
SERK3/BAK1 since the loss of Verticillium resistance in transgenic plants was observed 
(Fradin and Thomma, personal communication). 
 
Tomato LeEix(s) 
 
The tomato RLP LeEix confers recognition of an ethylene-inducing xylanase (EIX) of 
Trichoderma viride, which is supposed to be a pathogen-associated molecular pattern (PAMP, 
Ron and Avni, 2004). The molecular cloning of the LeEix locus lead to identification of two 
functional genes, LeEix1 and LeEix2, whereas LeEix3 is likely to be a pseudogene (Ron and 
Avni, 2004). LeEix1 and LeEix2 encode classical RLPs lacking an intracellular kinase 
domain (Ron and Avni, 2004). The predicted LeEix proteins contain a signal peptide, an 
eLRR domain, a transmembrane domain and a C-terminal cytoplasmic domain with an 
endocytotic motif (YXXØ) (Ron and Avni, 2004). LeEix1 and LeEix2 are able to bind the 
EIX elicitor, but only LeEix2 can transmit the signal leading to the induction of HR. In 
addition, the induction of HR and subsequent signal transduction requires a functional 
endocytosis signal (Ron and Avni, 2004). LeEix has been shown to be transported into the 
cytoplasm, suggesting that LeEix is internalized and that binding of the EIX elicitor to the 
LeEix2 receptor might lead to ligand-induced endocytosis (Hanania et al., 1999) as has been 
observed for FLS2 (Robatzek et al., 2006). 
 
Apple HcrVf(s) 
 
The positional cloning of Vf genes from a wild Malus species that provide resistance to apple 
scab which caused by the fungal pathogen V. inaequalis lead to the identification of a cluster 
of resistance genes encoding RLPs (Vinatzer et al., 2001), including HcrVf2 (homologues of 
C. fulvum resistance genes of the Vf region (HcrVf)). Many characterized RLP genes are 
members of gene clusters, as has been reported for the Cf genes and is the case for the HcrVf 
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genes. This might suggest a similar mode of evolution by gene duplications and selection. 
Although HcrVf2 is capable to provide resistance to apple scab, there are at least two 
additional transcribed genes, HcrVf1 and HcrVf4, mapping at the Vf locus whereas HcrVf3 
may be a pseudogene (Vinatzer et al., 2001). Recently, three full-length Vfa genes, namely 
Vfa1, Vfa2 and Vfa4, were introduced into two apple cultivars to assess functionality of these 
genes and to characterize their roles in resistance to V. inaequalis. The studies showed that 
transformed lines expressing Vfa4 were susceptible to apple scab, whereas those expressing 
either Vfa1 or Vfa2 exhibited partial resistance to apple scab (Malnoy et al., 2008). Future 
research will reveal whether the resistance is mediated by direct or indirect binding of 
peptides secreted by the apple scab fungus. 
 
Subcelluar dynamics of RLPs and RLKs 
 
It is known for a long time that a large number of membrane-bound proteins, especially 
transmembrane receptors, undergo a continuous cycling between the plasma membrane (PM) 
and internal cell compartments in animals (Murphy et al., 2005; Polo and Di Fiore 2006). 
Through these processes, the proteins are sorted to different cell compartments to perform 
their function. These processes depend not only on physical features like hydrophobicity, but 
also on the presence of certain motifs within their cytosolic domains such as the tyrosine-
based sorting signals with NPXY or YXXØ or dileucine-base signals that fit [DE]XXXL[LI] 
and DXXLL consensus motifs (Bonifacino and Traub, 2003; Geldner and Robatzek, 2008). In 
Arabidopsis, the auxin efflux carrier PIN, the best-characterized protein that is involved in 
endocytosis, is continuously cycling between the PM and endosomal compartments to 
coordinate the polarity of auxin transport. It has been shown that brefeldin A (BFA) could 
inhibit the recycling of PIN1 and auxin transport (Steinmann et al., 1999; Geldner et al., 
2001). In addition, auxin inhibits PIN1 endocytosis, resulting in increased levels of PINs at 
the plasma membrane regulating the auxin transport by a feedback loop. Although the cycling 
of surface receptors regulated by endocytosis is well known in animals (Murphy et al., 2005; 
Polo and Di Fiore 2006), receptor internalization in plants is a fresh area of research (Geldner 
and Robatzek, 2008). It has been suggested that there are two forms of endocytosis operating 
in plants: clathrin-dependent (clathrin-mediated endocytosis, CME) and clathrin-independent 
endocytosis (for example, raft/caveloae endocytosis, RCE) (Murphy et al., 2005; Polo and Di 
Fiore, 2006). While only a few examples of plant receptors-mediated endocytosis are 
described, the internalization and recycling of PM receptors seems to have much in common 
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with other eukaryotic system (Jurgens, 2004; Russinova et al., 2004;  Murphy et al., 2005; 
Robatzek et al., 2006, 2007; Gelder et al., 2001, 2007).  
 
The Arabidopsis brassinosteroid receptor BRI1 and its co-receptor BRI1-ASSOCIATED 
RECEPTOR KINASE1 (BAK1/SERK3, Li et al., 2002; Nam and Li, 2002) are part of the 
brassinosteroid receptor complex (Vert et al., 2005) that, to initiate the brassinosteroid 
signaling, preferentially heterodimerize in the endosomes (Russinova et al., 2004). Transient 
expression in protoplasts of fluorescent BRI1 and BAK1 fusion proteins showed that BRI1 
and BAK1 preferentially heterodimerize in the endosomes, whereas only BRI1 
homodimerizes in the PM. In addition, co-expression of BRI1 and BAK1 evoked endocytosis 
of both receptors, suggesting that BAK1 affects the balance between BRI1 homodimers 
located at PM and endocytosed endosome-localized BRI1-BAK1 heterodimers (Russinova et 
al., 2004). Although BRI1 is known to be localized at the PM, co-localization of BRI1 and 
BAK1 with the early endocytic tracer FM4-64 in endosomal compartments suggests that 
BRI1 and BAK1 are at least partially localized in endosomes (Russinova et al. 2004). 
Exogenous application of brassinosteroids (BRs) does not affect BRI1 intracellular transport, 
suggesting that BRI1 trafficking is constitutive and not affected by its ligand (Geldner et al., 
2007). Furthermore, neither endosomal localization, nor levels of BRI1-GFP, were affected by 
depletion of endogenous BRs or application of BRs to these ligand-devoid roots. However, 
BFA induced a shift of BRI1 localization from PM into endosomal compartments although a 
strong BRI1 signal retained at the PM (Geldner et al., 2007). These results point to two 
functionally distinct pools of BRI1, PM-located BRI and endocytosed BRI1, and provide an 
example of ligand-independent trafficking in plants where a receptor is likely to be active and 
functional in endosomes after ligand binding at the PM (Russinova et al. 2004; Geldner et al., 
2007). 
 
In contrast to the observed ligand-independent turnover of BRI1, the FLS2 receptor does not 
internalize in the absence of its ligand flg22 (Robatzek et al., 2006). FLS2 recognizes and 
binds flg22 to elicit defense signaling that results in basal defense against pathogens. A 
functional FLS2-GFP fusion protein localized exclusively on the PM of leaf cells, and after 
exogenous application of flg22, the PM-located FLS2-GFP rapidly accumulated in mobile 
intracellular vesicles and subsequently disappeared (Robatzek et al., 2006). Thus, the 
accumulation of FLS2 into endosomal compartments seems to be required for downstream 
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signaling. This phenomenon is reminiscent of ligand-induced receptor internalization in 
animal cells (Geldner et al., 2006). In addition, a series of different inhibitors were tested to 
further characterize FLS2 endocytosis. In BFA pre-treated leaves, exogenous flg22 induced 
the appearance of fluorescent vesicles (Robatzek et al., 2006). However, flg22 addition in the 
presence of Wortmannin, which interferes with the fusion of prevacuolar compartments 
(Emans et al. 2002), failed to induce the appearance of fluorescent vesicles, indicating that 
these vesicles arise from a Wortmannin-sensitive endocytic process. The internalization of 
FLS2 depends on cytoskeleton, proteasome and receptor activation (Robatzek et al., 2006). 
This process appears specific because inactive fls22 variants cannot promote FLS 
endocytosis. Similarly, the FLS2 mutant, FLS2T867V, is impaired in both flg22 responses and 
FLS2 endocytosis, indicating that only functional FLS2 can undergo endocytosis which needs 
to be stimulated by flg22 (Robatzek et al., 2006). Therefore, like BRI1, FLS2-mediated flg22 
signaling initiates on the PM, and that the signaling continues to active and function in the 
endosomal compartments. The fluorescently-labeled FLS2 was not found to form 
homodimers in protoplasts, regardless of the presence or absence of flg22 (Ali et al., 2007). 
Recently, a physical interaction between FLS2 and BAK1 has been shown upon flagellin 
treatment, leading to form a complex in vivo in a BR-independent way to initiate plant basal 
defense responses (Chinchilla et al., 2007; Heese et al., 2007). 
 
Endocytosis seems also important for some RLPs as has been described for EIX-stimulated 
LeEix2 signaling. A putative endocytosis motif YXXØ, present in the cytoplasmic C-
terminus of LeEix2, is essential for induction of HR as a mutation in this motif impaires the 
defense response (Ron and Avni, 2004). Similarly, the deduced primary structure of Ve1 and 
Ve2 possesses the mammalian [DE]XXX[LI] (Ve1) or YXXØ (Ve2) endocytosis motifs at its 
C-terminus that is maybe involved in stimulating receptor-mediated endocytosis and 
degradation of receptors. Additionally, Ve2 ends with residues KKX which is similar to the 
KKX motif that mediates endoplasmic reticulum retention in mammalian and plant cells 
(Kawchuk et al., 2001). A vesicle-associated protein VAP27 was identified to interact with 
the EFG domains of Cf-9, which contains the YXXØ endocytosis motif. Thus, it was 
postulated that VAP27 might play a role in endocytosis of the Cf-9 receptor (Laurent et al., 
2000). Similarly, the YXXØ motif is also found in the Vf proteins, both in the transmembrane 
domain and in the cytoplasmic tail (Vinatzer et al., 2001). These findings indicate the 
endocytosis might be a well-conserved mechanism that is employed by many RLPs. 
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It is worthwhile to mention that endocotysis motifs have been predicted in some RLPs (Fritz-
Laylin et al., 2005) and RLKs such as CLV1 (Geldner et al., 2006; Geldner and Robatzek, 
2008), suggesting a common role of those motifs in the cycling of receptors. Sequence 
comparison revealed that nine of Arabidopsis RLPs and twenty of the ninety rice RLPs 
containing the YXXØ motif. This motif is conserved within a small group of RLPs which 
includes the LeEix, Ve and Cf(s) (Fritz-Laylin et al., 2005), where the YXXØ motif has been 
shown to be required for its function in the case of LeEix (Ron and Avni, 2004). These results 
suggest that the cycling of receptors, to some extent, might be required for functioning of 
some RLPs and RLKs. 
 
In conclusion, all studies described here indicate that the endocytosis of RLPs and RLKs is 
important for their signaling pathways and that the receptor internalization and recycling are 
widely used in both mammalian cells and plant cells (Geldner and Robatzek, 2008). Despite 
those achievements, the receptor-mediate endocytosis and the subsequent dynamics are still 
poorly understood in plants and the importance of this mechanism in RLP signaling remains 
to be demonstrated (Geldner et al., 2007; Geldner and Robatzek, 2008). 
 
Identification of domains within RLPs and RLKs that are required for specificity 
 
Comparison of the domain architecture of RLKs and RLPs has revealed the presence of 
common structural motifs within eLRRs (Shiu and Bleeker, 2001a; 2001b). The eLRRs each 
consist of 23-25 AAs with the conserved consensus sequences LxxLxxLxLxxNxLt/sgxI 
pxxLG, which is supposed to play a role in protein-protein interaction (Jones and Jones, 
1997). Domain-swap experiments between Cf-4 and Cf-9 revealed that the specificity of Cf-4 
and Cf-9 is determined by a few solvent-exposed residues that are present in the ß-sheets of 
the central LRRs (van der Hoorn et al., 2001; Wulff et al., 2001). In addition, the B domain is 
required for Cf-4 specificity. The function of Cf-9 is abolished when LRRs 11 and 12 are 
removed, where LRRs 11 and 12 are only present in Cf-9, suggesting that the variation in 
LRR number strongly affected the function and specificity of Cf proteins (van der Hoorn et 
al., 2001). Replacement of LRRs in blocks of five LRRs indicated that Cf-9 specificity 
required the Cf-9-specific residues that are distributed over distant LRRs, whereas the 
exchange of Cf-4-specific residues did not abolish Cf-9 function (van der Hoorn et al., 2001). 
In contrast, the replacement of Cf-4-specific residues present in LRRs 1 to 10 by those of Cf-
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9 did not affect Cf-4 function while the Cf-4-specific residues residing in LRRs 13 to 16 are 
required for Cf-4 function. Three putative solvent-exposed residues, W389, G411 and F457, 
were identified to be essential for full Cf-4 function (van der Hoorn et al., 2001; Wulff et al., 
2001). Furthermore, a large-scale structure-function analysis of the Cf-9 protein was 
performed to investigate the functional role of conserved residues in LRR-flanking domains 
and of putative glycosylation sites (PGSs) (van der Hoorn et al., 2005). The B domain of Cf-9 
contains two conserved Trp (W1-W2) and four Cys residues (C2-C5) whereas the D domain 
contains the conserved Cys residues with the consensus motif GNxGLCGxPLxxxC. Exchange 
of those conserved residues by Ala showed that W1, W2, C4 and C5 mutations abolished Cf-
9 activity (van der Hoorn et al., 2005). Removal of each of the 22 putative PGSs showed that 
most of the PGSs contribute to Cf-9 activity, and that four PGSs in the putative -helices of 
the LRR domains are essential for Cf-9 function (van der Hoorn et al., 2005). Swapping 
studies of Cf-2/Cf-5 and Cf-2/Cf-9 demonstrated that recognition specificity resides in the C1 
LRR domain of both Cf-2 and Cf-5 proteins (Seear and Dixon, 2003; Rivas et al., 2004). 
  
 
Figure 5. Alignment of LRR-flanking domains of functionally characterized RLPs. The B- and D-domains 
are the domains flanking the LRR region (C). The conserved amino acids are highlighted in black and gray. 
Conserved cysteines are marked with asterisks. LRRs, the leucine-rich repeats. 
 
An alignment of several characterized RLPs identified several motifs and conserved residues 
that may also determine protein specificity (Fig. 5). Twenty-seven Arabidopsis RLPs and 
fifty-four rice RLPs were found to contain two pairs of conserved Cys in the B and D 
domains, which has been proposed to be involved in the formation of intramolecular and/or 
possibly intermolecular disulfide bridges likely important for maintaining the overall RLP 
structure (Diévart and Clark, 2003). A mutation in one of those N-terminal Cys residues in 
BRI1 leads to a weak brassinosteroid response phenotype (Vert et al., 2005). Many RLPs 
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contain an island region within the LRR domain, designated as the C2 domain, which 
connects the N-terminal LRRs and membrane-proximal LRRs. A conserved YX(6-8)KG 
motif is also present in the C2 region of 37 Arabidopsis and 33 rice RLPs, but the 
functionality of this motif has not been investigated yet (Fritz-Laylin et al., 2005). Eighty of 
the 90 rice RLPs and 55 of 57 RLPs, as well as known RLPs and RLKs, possess a 
(G/S/T)XXX(G/S/T) motif in their TM region, which has been implicated in the dimerization 
and activation of the mammalian receptor kinase ErbB2 (Bennasroune et al., 2004). This 
observation, as well as the fact that this motif is conversed across many species, suggests that 
it might play a curial role in the intramolecular and/or intermolecular interactions between 
RLPs and RLKs and other proteins (Fritz-Laylin et al., 2005). 
 
Molecular data provided strong evidence that both the extracellular domain and the island 
domain of BRI1 are required for perception of BR (He et al., 2000). To determine whether 
BRI1 directly perceives BR, chimeric receptors were generated that contained fusions of the 
extracellular domain of BRI1 and the serine/threonine kinase domain of the Xa21 receptor 
that is involved in perception of the bacterial pathogen Xanthomonas oryzae (He et al., 2000). 
These chimeric receptors were able to activate a plant defense response in a rice cell 
suspension culture upon application of exogenous BR. Interestingly, a mutation in the island 
domain of the chimeric BRI1/Xa21 receptor abolished the defense response, suggesting the 
importance of this domain for BR perception (He et al., 2000). Furthermore, BR was 
demonstrated to bind directly to the 94 AA-fragment comprising the island domain and 
LRR22 of BRI1 (Kinoshita et al., 2004). In contrast, the island domain of Cf-9 and Cf-4 are 
identical, indicating that this region cannot determine the difference in the specificity between 
these two RLPs (van der Hoorn et al., 2001; Wulff et al., 2001). 
 
To identify the functional sites within the LRRs of FLS2, Dunning et al. (2007) employed a 
targeted Ala-scanning mutagenesis and comparison of FLS2 variants from taxonomically 
related plant species including various Arabidopsis ecotypes and diverse Brassicaceae 
accessions. The Ala-scanning alleles in LRRs 9, 12, and 15 showed a strong reduction in 
flg22 sensitivity, whereas Ala-scanning alleles of LRRs 11, 13, and 14 showed significantly 
reduced sensitivity, suggesting that LRRs 9 to 15 might be involved in flg22 perception 
(Dunning et al., 2007). Comparison of various Arabidopsis ecotypes and Brassica accessions 
revealed significant variation in the LRRs of Brassica FLS2 homologs, but not within FLS2 
Chapter 1                                                                           
 
 30 
of Arabidopsis ecotypes. The residues across LRRs 9-15 were further analysed in more detail 
by site-directed randomizing mutagenesis. In conclusion, these studies confirmed that flg22 
binding and perception only depends on a limited number of residues across LRR9 to 15 
(Dunning et al., 2007).  
 
The role of RLP-RLK heterodimerization in the ligand signaling perception 
 
A recurrent theme in RLK and RLP signaling is homo- or heterodimerization to form a 
receptor complex. Although heterodimerization of an RLP with an RLK seems a crucial step 
for RLK and RLP signaling, only a few examples of heterodimerization have been verified so 
far.  
 
Genetic data showed that clv1 clv2 double mutants exhibit similar phenotypes as the single 
mutants, while the CLV1 protein fails to accumulate in the clv2 mutant despite normal 
expression of CLV1 transcripts. This observation led to the hypothesis that CLV2 is needed to 
form a stable heterodimeric complex with CLV1 to perceive the CLV3 signal (Jeong et al., 
1999; Trotochaud et al., 1999). However, so far no biochemical evidence has been obtained 
showing a direct interaction between CLV1 and CLV2 (Kayes and Clark, 1998; Jeong et al., 
1999; Trotochaud et al., 1999). The identification of CRN/SOL2, a membrane-associated 
receptor kinase, led to the hypothesis that CRN/SOL2 in conjunction with CLV2 might 
perceive CLE signaling molecules to regulate the plant meristem maintenance (Müller et al. 
2008; Miwa et al., 2008). However, also biochemical data for the physical interaction 
between CRN/SOL2 and CLV2 is lacking (Miwa et al., 2008; Müller et al. 2008). Similarly, 
LeEix1 and LeEix2 may function cooperatively since LeEix2 but not LeEix1 can elicit an HR 
(Ron and Avni, 2004). Heterodimerization has also been proposed between the SRK and SLG 
in Brassica (Stein et al. 1996). Upon the heterodimersation of SRK and SLG, a signaling 
cascade is initiated via the kinase domain of SRK after binding of a pollen-derived ligand 
(Stein et al. 1996). Xa21D, which may arise from a duplication event of Xa21, resembling the 
extracellular domain of Xa21, can only confer partial resistance to Xanthomonas oryzae pv 
oryzae. Although the underlying mechanism for the activity of Xa21D is largely unknown, it 
has been suggested that Xa21D forms a heterodimer with the LRR domain of an endogenous 
unknown RLK upon ligand binding (Wang et al., 1998). Similar models have been proposed 
for Cf-mediated defense signalling where a yet unknown RLK is required (Dixon et al. 1996). 
It has been suggested that the specificity of Avr recognition is determined by the extracelluar 
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LRR domain of Cf proteins, but so far no physical interaction between Cf and Avr proteins 
has been demonstrated (Dixon et al. 1996; van der Hoorn et al., 2001). Thus a Cf protein 
might dimerize with an RLK to initiate the signaling on the PM and subsequently confer Avr-
triggered Cf-mediated HR which leads to disease resistance (Dixon et al. 1996; Joosten and 
de Wit, 1999). Although this is a likely scenario, so far no Cf protein has been demonstrated 
to function in this manner. 
 
Recently, Fradin et al. showed that VIGS of NbSerk3, but not the Serk2 or FLS2, clearly 
compromised Verticillium resistance. AtSERK3/BAK1 participates in an elicitor-dependent 
complex with FLS2 (Chinchilla et al., 2007; Heese et al., 2007), and Serk3/Bak1 is also 
required for flagellin-triggered immunity in N. benthamiana (Heese et al., 2007). In addition, 
Serk3/Bak1 is required for full responses to unrelated PAMPs, basal defense and for 
restriction of pathogen infection in Arabidopsis as well as in N. benthamiana (Heese et al., 
2007; Kemmerling et al., 2007). Given the fact of those findings, this may indicate that 
tomato SERK3/BAK1 physically associates with Ve1 to initiate Verticillium immunity 
(Fradin and Thomma, personal communication). However, future experiments need to be 
carried out to investigate this possibility. 
 
It is well known that TMM regulates stomatal distribution by controlling the initiation of 
stomatal precursor cells (Yang and Sack, 1995). Recently, loss of function of ER and two ER-
like genes ERL1 and ERL2, all encoding RLKs, was shown to cause high-density stomatal 
clusters (Shpak et al., 2005). Previously, ER proteins have shown to be crucial for the control 
of organ size or shape of inflorescence, stem, leaves and siliques (Torii et al., 1996; Shpak et 
al., 2004). TMM likely modifies ER signaling in a stomatal lineage dependent manner, 
therefore it has been proposed that TMM directly interacts with the ERL1 protein either by an 
inhibitory interaction or by titrating away its ligand to permit normal stomatal development 
(Shpak et al., 2005). Unlike CLV1/CLV2 and SRK/SLG, TMM might prevent the signaling 
rather than convey it (Shpak et al., 2005). If the proposed hypothesis could be confirmed 
biochemically, TMM would be the first RLP that negatively regulates an RLK. 
 
It should be pointed out that a large number of RLPs that resembles the RLK extracellular 
domains have been identified in the Arabidopsis genome (Shiu and Bleecker, 2001a; 2001b; 
2002). Some of these RLPs are located in close proximity of RLK clusters, suggesting that 
they might share a similar function with their RLK counterparts (Fig. 2; Shiu and Bleecker, 
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2002). However, there is no evidence to support the hypothesis that such an association has 
certain functional implications. As shown in the signaling model of CLV1/CLV2 (Jeong et 
al., 1999), as well as TMM/ERL1 and SRK/SLG, it is proposed that one RLK recruits one 
RLP for formation of a functional receptor complex (Stein et al. 1996; Shpak et al., 2005). If 
this holds true, it raises the possibility that one RLP/RLK combination might perceive a 
number of different ligands. Alternatively, RLPs and RLKs may be expressed in a 
tissue/stage-specific manner, or their products might be present only under certain 
environmental challenges. For instance, many RLK- and RLP-encoding genes, including 
FLS2 and EFR, were found to be induced quickly after treatment with the PAMPs flg22 and 
EF-Tu (Zipfel et al., 2004; Zipfel et al., 2006). CLV2 has been reported to be broadly 
expressed in many organs including the SAM and RAM, and thus is supposed to be involved 
in the regulation of various organs (Jeong et al., 1999). This suggests that some of the RLPs 
might interact with different RLKs and presumably different ligands. This has been shown for 
the CLV2 protein. The involvement of CLV2 in the RAM development was shown by the fact 
that the clv2 mutant is insensitive to the treatment of CLE peptides (Fiers et al., 2005), 
indicating that CLV2 interacts with a yet to be identified protein in the RAM, possibly the 
CRN/SOL2, in order to perceive and transmit the CLE signal (Miwa et al., 2008; Müller et al. 
2008). 
 
Outline of this thesis 
 
This thesis focuses on understanding the function of Arabidopsis RLPs in developmental 
signaling. The research started with the assembly of individual T-DNA insertion lines for the 
RLP genes. Subsequently, some of these genes were studied in more detail, with a focus on 
CLV2. 
 
Chapter 1 provides an overview of the roles of RLPs and RLKs in plant development and 
plant defense, with an emphasis on the RLPs. Although our understanding of the function of 
RLKs has greatly advanced, our understanding of the function of RLPs is still limited. As 
such, a genome-wide functional characterization of the Arabidopsis RLPs (AtRLPs) is 
described in Chapter 2. A few new phenotypes were discovered by analyzing the phenotypes 
of T-DNA insertion mutants assayed for a wide range of growth and developmental stages, 
and treatments with different abiotic and biotic stress. An investigation into the new 
phenotypes of the mutants and the potential functions of the corresponding genes is also 
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presented in Chapter 2.  
 
Subsequently, two AtRLPs, CLV2/AtRLP10 and AtRLP37, were selected and further 
investigated in Chapter 3.1 and Chapter 3.2, respectively. A number of novel phenotypes of 
clv2/atrlp10, the expression profile of CLV2 and the subcellular localization of the CLV2 
protein have been studied in detail in Chapter 3.1. The differences of phenotypes of various 
clv2/atrlp10 alleles and the over-expression of CLV2 were also examined. Similar analyses 
were also performed for AtRLP37 in Chapter 3.2. 
 
In Chapter 4, we identified two AtRLPs (AtRLP2 and AtRLP12) which share high sequence 
similarity with CLV2 and that can functionally rescue clv2 mutants when expressed under the 
control of the CLV2 promoter. Furthermore, the expression patterns of these genes were 
examined. The phenotypes of various double mutants grown under LD/SD conditions, and 
their response to exogenous application of the CLE peptides were determined in detail. To 
identify the functional domain(s) that determine the specificity of CLV2, we tested the 
functions of deletion versions of CLV2 and CLV2RLP38 chimeras by examining their ability 
to rescue the clv2 mutant. In addition, the implications of conserved domains and CLV2 
specificity determinants are discussed. 
 
Chapter 5 describes the subcellular localization of CLV1 and CLV2, making use of 
fluorescently labelled proteins. In addition, the effect of ectopic expression of CLV1-CFP and 
CLV2-YFP is described. Particularly, a role for CLV1 in pedicel length regulation is 
documented in this chapter. Finally, the application of fluorescently-tagged CLV1 and CLV2 
and the materials generated in this study are extensively discussed. 
 
In the final chapter, Chapter 6, the experimental data presented in the previous chapters are 
discussed in a broader context, which highlights the implications of our findings. 
Furthermore, suggestions for future research on the role of RLPs in plant developmental 
signaling are also discussed. 
 
REFERENCES 
 
Albrecht, C., Russinova, E., Hecht, V., Baaijens, E., de Vries, S.C. (2005). The Arabidopsis 
thaliana SOMATIC EMBRYOGENESIS RECEPTOR-LIKE KINASES1 and 2 control male 
sporogenesis. Plant Cell 17: 3337-3349 
 
Ali, G.S., Prasad, K.V., Day, I., and Reddy, A.S. (2007). Ligand-dependent reduction in the 
membrane mobility of FLAGELLIN SENSITIVE2, an Arabidopsis receptor-like kinase. Plant Cell  
Chapter 1                                                                           
 
 34 
Physiol. 48: 1601-1611 
 
Baumberger, N., Ringli, C., and Keller, B. (2001). The chimeric leucine-rich repeat/extensin cell wall 
proteins LRX1 is required for root hair morphogenesis in Arabidopsis thaliana. Genes Dev. 15: 1128-
1139 
 
Baumberger, N., Doesseger, B., Guyot, R., Diet, A., Parsons, R.L., Clark, M.A., Simmons, M.P., 
Bedinger, P., Goff, S.A., Ringli, C., and Keller, B. (2003). Whole-genome comparison of leucine-rich 
repeat extensins in Arabidopsis and rice. A conserved family of cell wall proteins form a vegetative 
and a reproductive clade. Plant Physiol. 131: 1313-1326 
 
Belfanti, E., Silfverberg-Dilworth, E., Tartarini, S., Patocchi, A., Barbieri, M., Zhu, J., Vinatzer, 
B.A., Gianfranceschi, L., Gessler, C., and Sansavini, S. (2004). The HcrVf2 gene from a wild apple 
confers scab resistance to a transgenic cultivated variety. Proc. Natl. Acad. Sci. USA 101: 886-890  
 
Bergmann, D.C., Lukowitz, W., and Somerville, C.R. (2004). Stomatal development and pattern 
controlled by a MAPKK kinase. Science 304: 1494-1497 
 
Berger, D., and Altmann, T. (2000). A subtilisin-like serine protease involved in the regulation of 
stomatal density and distribution in Arabidopsis thaliana. Genes Dev. 14: 1119-1131 
 
Bommert, P., Lunde, C., Nardmann, J., Vollbrecht, E., Running, M., Jackson, D., Hake, S., and 
Werr, S. (2005). Thick tassel dwarf1 encodes a putative maize ortholog of the Arabidopsis CLAVATA1 
leucine-rich repeat receptor-like kinase. Development 132: 1235-1245 
 
Bonifacino, J.S., and Traub, L.M. (2003). Signals for sorting of transmembrane proteins to 
endosomes and lysosomes. Annu. Rev. Biochem. 72: 395-447 
 
Brand, U., Fletcher, J.C., Hobe, M., Meyerowitz, E.M., and Simon, R. (2000). Dependence of stem 
cell fate in Arabidopsis on a feedback loop regulated by CLV3 activity. Science 289: 617-619 
 
Birnbaum, K., Shasha, D.E., Wang, J.Y., Jung, J., Lambert, G.M., Galbraith, D.W., and Benfey, P. 
N.  (2003). A gene expression map of the Arabidopsis root. Science 302: 1956-1960 
 
Canales, C., Bhatt, A.M., Scott, R., and Dickinson, H. (2002). EXS, a putative LRR receptor kinase, 
regulates male germline cell number and tapetal identity and promotes seed development in 
Arabidopsis. Curr. Biol. 12: 1718-1727 
 
Cano-Delgado, A., Yin, Y., Yu, C., Vafeados, D., Mora-Garcia, S., Cheng, J.C., Nam, K.H., Li, J., 
and Chory, J. (2004). BRL1 and BRL3 are novel brassinosteroid receptors that function in vascular 
differentiation in Arabidopsis. Development 131:  5341-5351 
 
Casamitjana-Martinez, E., Hofhuis, H.F., Xu, J., Liu, C.M., Heidstra, R., and Scheres, B. (2003). 
Root-specific CLE19 overexpression and the sol1/2 suppressors implicate a CLV-like pathway in the 
control of Arabidopsis root meristem maintenance. Curr. Biol. 13: 1435-1441 
 
Chinchilla, D., Zipfel, C., Robatzek, S., Kemmerling, B., Nürnberger, T., Jones, J. D. G., Felix, G., 
and Boller, T. (2007). A flagellin-induced complex of the receptor FLS2 and BAK1 initiates plant 
defence. Nature 448: 497-500 
 
Chono, M., Honda, I., Zeniya, H., Yoneyama, K., Saisho, D., Takeda, K., Takatsuto, S., Hoshino, 
T., and Watanabe, Y. (2003). A semidwarf phenotype of barley uzu results from a nucleotide 
substitution in the gene encoding a putative brassinosteroid receptor. Plant Physiol. 133: 1209-1219 
 
Clark, S.E., Running, M.P., and Meyerowitz, E.M. (1993). CLAVATA1, a regulator of meristem and 
flower development in Arabidopsis. Development 119: 397-418 
 
Clark, S.E., Running, M.P., and Meyerowitz, E.M. (1995). CLAVATA3 is a specific regulator of shoot 
and floral meristem development affecting the same processes as CLAVATA1. Development 121: 
2057-2067 
 
General Introduction and Outline 
 
 35 
Clark, S.E., Williams, R.W., and Meyerowitz, E.M. (1997). The CLAVATA1 gene encodes a putative 
receptor kinase that controls shoot and floral meristem size in Arabidopsis. Cell 89: 575-585 
 
Clay, N.K. and Nelson, T. (2002). VH1, a provascular cell-specific receptor kinase that influences leaf 
cell patterns in Arabidopsis. Plant Cell 14: 2707-2722 
 
Chevalier, D., Batoux, M., Fulton, L., Pfister, K., Yadav, R.K., Schellenberg, M., and Schneitz, K. 
(2005). STRUBBELIG defines a receptor kinase-mediated signaling pathway regulating organ 
development in Arabidopsis. Proc. Natl. Acad. Sci. USA 102: 9074-9079 
 
Cock, J.M., and McCormick, S. (2001). A large family of genes that share homology with 
CLAVATA3. Plant Physiol. 126: 939-942 
 
DeYoung, B.J., Bickle, K.L., Schrage, K.J., Muskett, P., Patel, K., and Clark, S.E. (2006). The 
Clavata1-related BAM1, BAM2 and BAM3 receptor kinase-like proteins are required for meristem 
function in Arabidopsis. Plant J. 45: 1-16 
 
Diévart, A., Dalal, M., Tax, F.E., Lacey, A.D., Huttly, A., Li, J.M., and Clark, S.E. (2003). 
CLAVATA1 dominant-negative alleles reveal functional overlap between multiple receptor kinases that 
regulate meristem and organ development. Plant Cell 15: 1198-1211 
 
Dixon, M.S., Jones, D.A., Keddie, J.S., Thomas, C.M., Harrison, K., and Jones, J.D.G. (1996). The 
tomato Cf-2 disease resistance locus comprises two functional genes encoding leucine-rich repeat 
proteins. Cell 84: 451-459 
 
Dixon, M.S., Golstein, C., Thomas, C.M., van der Biezen, E.A., , and Jones, J.D.G. (2000). Genetic 
complexity of pathogen perception by plants: The example of Rcr3, a tomato gene required 
specifically by Cf-2. Proc. Natl. Acad. Sci.  97: 8807-8814 
 
Droc, G., Ruiz, M., Larmande, P., Pereira, A., Piffanelli, P. , Morel, J. B., Dievart, A., Courtois, B., 
Guiderdoni, E., and Perin, C. (2000). OryGenesDB: a database for rice reverse genetics. Nucl. Acids 
Res. 34: D736-D740 
 
Dunning, F.M., Sun, W., Jansen, K.L., Helft, L., and Bent, A.F. (2007). Identification and mutational 
analysis of Arabidopsis FLS2 Leucine-rich repeat domain residues that contribute to flagellin 
perception. Plant Cell 19: 3297-3313 
 
Emans N., Zimmermann, S., and Fischer, R. (2002). Uptake of a fluorescent marker in plant cells is 
sensitive to Brefeldin A and Wortmannin. Plant Cell 14: 71-86 
 
Endre, G., Kereszt, A., Kevei, Z., Mihacea, S., Kalo, P., and Kiss, G.B. (2002). A receptor kinase 
gene regulating symbiotic nodule development. Nature 417: 962-966 
 
Fiers, M., Hause, G., Boutilier, K., Casamitjana-Martinez, E., Weijers, D., Offringa, D., van der 
Geest, L., van Lookeren Campagne, M., and Liu, C.M. (2004). Mis-expression of the CLV3/ESR-like 
gene CLE19 in Arabidopsis leads to a consumption of root meristem. Gene 327: 37-49 
 
Fiers, M., Golemiec, E., Xu, J., van der Geest, L., Heidstra, R., Stiekema, W., and Liu, C,M.  
(2005).The 14-amino acid CLV3, CLE19 and CLE40 peptides trigger consumption of the root 
meristem in Arabidopsis through a CLAVATA2-dependent pathway. Plant Cell 17: 2542-2553 
 
Fiers, M., Golemiec, E., van der schors, R., van der Geest, L., Li, K.W., Stiekema, W., and Liu, 
C,M. (2006). The CLV3/ESR motif of CLV3 is functionally independent from the non-conserved 
flanking sequences. Plant Physiol. 141: 1284-1292 
 
Fiers, M., Ku, K.L. and Liu, C.M. (2007). CLE peptide ligands and their roles in establishing 
meristems. Curr. Opin. Plant Biol. 10: 39-43 
 
Fletcher, J.C., Brand, U., Running, M.P., Simon, R., and Meyerowitz, E.M. (1999). Signaling of cell 
fate decisions by CLAVATA3 in Arabidopsis shoot meristems. Science 283: 1911-1914 
 
Chapter 1                                                                           
 
 36 
Fradin, E.F., and Thomma, B.P.H.J. (2006). Physiology and molecular aspects of Verticillium wilt 
diseases caused by V. dahliae and V. albo-atrum. Mol. Plant Pathol. 7: 71-86 
 
Fritz-Laylin, L.K., Krishnamurthy, N., Tor, M., Sjolander, K.V., and Jones, J.D. (2005). 
Phylogenomic analysis of the receptor-like proteins of rice and Arabidopsis. Plant Physiol. 138: 611-
623 
 
Geldner, N., Hyman, D.L., Wang, X., Schumacher, K., and Chory, J. (2007). Endosomal signaling 
of plant steroid receptor kinase BRI1. Genes Dev. 21: 1598-1602 
 
Geldner, N., Friml, J., Stierhof, Y.D., Jurgens, G., and Palme, K. (2001). Auxin transport inhibitors 
block PIN1 cycling and vesicle trafficking. Nature 413: 425-428 
 
Geldner, N., and Jürgens, G. (2006). Endocytosis in signaling and development. Curr. Opin. Plant 
Biol. 9: 589-594 
 
Gifford, M.L., Dean, S., and Ingram, G.C. (2003). The Arabidopsis ACR4 gene plays a role in cell 
layer organisation during ovule integument and sepal margin development. Development 130: 4249-
4258 
 
Godiard, L., Sauviac, L., Torii, K.U., Grenon, O., Mangin, B., Grimsley, N.H., and Marco, Y. (2003). 
ERECTA, an LRR receptor-like kinase protein controlling development pleiotropically affects 
resistance to bacterial wilt. Plant J. 36: 353-365 
 
Gòmez-Gòmez, L., Felix, G., and Boller, T. (1999). A single locus determines sensitivity to bacterial 
flagellin in Arabidopsis thaliana. Plant J. 18: 277-284 
 
Gòmez-Gòmez, L. and Boller, T. (2000). FLS2: an LRR receptor-like kinase involved in the 
perception of the bacterial elicitor flagellin in Arabidopsis. Mol. Cell 5: 1003-1011 
 
Gòmez-Gòmez, L. and Boller, T. (2002). Flagellin perception: a paradigm for innate immunity. 
Trends Plant Sci. 7: 251-256 
 
Goring, D.R., and Rothstein, S.J. (1992). The S-locus receptor kinase gene in a self-incompatible 
Brassica napus line encodes a functional serine/threonine kinase. Plant Cell 4: 1273-1281 
 
Groß-Hardt, R., and Laux, T. (2003). Stem cells in plant meristems. J. Cell Sci.116: 1659-1666 
 
Guyon, V., Tang, W.-H., Monti, M.M., Raiola, A., De Lorenzo, G., McCormick, S., and Taylor, L.P. 
(2004). Antisense phenotypes reveal a role for SHY, a pollen-specific leucine-rich repeat protein, in 
pollen tube growth. Plant J. 39: 643-654 
 
Haecker, A., Groß-Hardt, R., Geiges, B., Sarkar, A., Breuninger, H., Herrmann, M., and Laux, T. 
(2004). Expression dynamics of WOX genes mark cell fate decisions during early embryonic 
patterning in Arabidopsis thaliana. Development 131: 657-668 
 
Hammond-Kosack, K.E., Jones, D.A., and Jones, J.D.G. (1994). Identification of two genes 
required in tomato for full Cf-9-dependent resistance to Cladosporium fulvum. Plant Cell 6: 361-374 
 
Hanania, U., Furman-Matarasso, N., Ron, M., and Avni, A. (1999). Isolation of a novel SUMO 
protein from tomato that suppresses EIX-induced cell death. Plant J. 19: 533-541 
 
Hara, K., Kajita, R., Torii, K.U., Bergmann, D.C., and Kakimoto, T. (2007). The secretory peptide 
gene EPF1 enforces the stomatal one-cell-spacing rule. Genes Dev. 21: 1720-1725 
 
He, K., Gou, X., Yuan, T., Lin, H., Asami, T., Yoshida, S., Russell, S.D., and Li, J. (2007). BAK1 
and BKK1 regulate brassinosteroid-dependent growth and brassinosteroid-independent cell death 
pathways. Curr. Biol. 17: 1109-1115 
 
He, Z., Wang, Z.Y., Li, J., Zhu, Q., Lamb, C., Ronald, P., and Chory, J. (2000). Perception of 
brassinosteroids by the extracellular domain of the receptor kinase BRI1. Science 288: 2360-2363 
 
General Introduction and Outline 
 
 37 
Hecht, V., Vielle-Calzada, J.P., Hartog, M.V., Schmidt, E.D., Boutilier, K., Grossniklaus, U., and 
De Vries, S.C. (2001). The Arabidopsis SOMATIC EMBRYOGENESIS RECEPTOR KINASE 1 gene 
is expressed in developing ovules and embryos and enhances embryogenic competence in culture. 
Plant Physiol. 127: 803-816 
 
Heese, A., Hann, D.R., Gimenez-Ibanez, S., Jones, A.M., He, K., Li, J., Schroeder, J.I., Peck, S.C., 
and Rathjen, J.P. (2007). The receptor-like kinase SERK3/BAK1 is a central regulator of innate 
immunity in plants. Proc. Natl. Acad. Sci. USA  104: 12217-12222 
 
Hobe, M., Muller, R., Grunewald, M., Brand, U., and Simon, R. (2003). Loss of CLE40, a protein 
functionally equivalent to the stem cell restricting signal CLV3, enhances root waving in Arabidopsis. 
Dev. Genes Evol. 213: 371-381 
 
Hord CL, Chen C, Deyoung BJ, Clark SE, Ma H (2006) The BAM1/BAM2 receptor-like kinases are 
important regulators of Arabidopsis early anther development. Plant Cell 18: 1667–1680 
 
Ito, Y., Nakanomyo, I., Motose, H., Iwamoto, K., Sawa, S., Dohmae, N., and Fukuda, H. (2006). 
Dodeca-CLE peptides as suppressors of plant stem cell differentiation. Science 313: 842-845 
 
Jeong, S., Trotochaud, A.E., and Clark, E. (1999). The Arabidopsis CLAVATA2 gene encodes a 
receptor-like protein required for the stability of the CLAVATA1 receptor-like kinase. Plant Cell 11: 
1925-1933 
 
Jinn, T.L., Stone, J.M., and Walker, J.C. (2000). HAESA, an Arabidopsis leucine-rich repeat receptor 
kinase, controls floral organ abscission. Genes Dev. 14: 108-117 
 
Jones, D.A., and Jones, J.D.G. (1997). The role of leucine-rich repeat proteins in plant defences. 
Adv. Bot. Res. 24: 89-167 
 
Jones, D.A., Thomas, C.M., Hammond-Kosack, K.E., Balint-Kurti, P.J., Jones, J.D.G. (1994). 
Isolation of the tomato Cf-9 gene for resistance to Cladosporium fulvum by transposon tagging. 
Science 266: 789-793 
 
Joosten, M.H.A.J., and de Wit. P.J.G.M. (1999). The tomato-Cladosporium fulvum interaction: a 
versatile experimental system to study plant-pathogen interactions. Annu. Rev. Phytopathol. 37: 335-
367 
 
Jurgens, G. (2004). Membrane trafficking in plants. Annu Rev Cell Dev Biol. 20: 481-504 
 
Kawchuk, L.M., Hachey, J., Lynch, D.R., Kulcsar, F., Van Rooijen, G., Waterer, D.R., Robertson, 
A., Kokko, E., Byers, R., and Howard, R.J. (2001) Tomato Ve disease resistance genes encode cell 
surface-like receptors. Proc. Natl. Acad. Sci. USA 98: 6511-6515 
 
Kwak, S.H., Shen, R., and Schiefelbein, J. (2005). Positional signaling mediated by a receptorlike 
kinase in Arabidopsis. Science 307: 1111-1113 
 
Kemmerling, B., Schwedt, A., Rodriguez, P., Mazzotta, S., Frank, M., Qamar, S.A., Mengiste, T., 
Betsuyaku, S., Parker, J.E., Müssig, C., Thomma, B.P.H.J., Albrecht, C., de Vries, S.C., Hirt, H., 
and Nürnberger, T. (2007). The BRI1-associated kinase 1, BAK1, has a brassinolide-independent 
role in plant cell-death control. Curr Biol. 17: 1116-1122 
 
Kayes, J.M., and Clark, S.E. (1998). CLAVATA2, a regulator of meristem and organ development in 
Arabidopsis. Development 125: 3843-3851 
 
Kinoshita, T., Caño-Delgado, A., Seto, H., Hiranuma, S., Fujioka, S., Yoshida, S., and Chory, J. 
(2005). Binding of brassinosteroids to the extracellular domain of plant receptor kinase BRI1. Nature 
433: 167-171 
 
Kobe, B., and Kajava, A.V. (2001). The leucine-rich repeat as a protein recognition motif. Curr. Opin. 
Struct. Biol. 11: 725-732 
 
Chapter 1                                                                           
 
 38 
Kondo, T., Sawa, S., Kinoshita, A., Mizuno, S., Kakimoto, T., Fukuda, H., and Sakagami, Y. 
(2006). A plant peptide encoded by CLV3 identified by in situ MALDI-TOF MS analysis. Science 313: 
845-848 
 
Krüger, J., Thomas, C.M., Golstein, C., Dixon, M.S., Smoker, M., Tang, S.K., Mulder, L., and 
Jones, J.D.G. (2002). A tomato cysteine protease required for Cf-2-dependent disease resistance and 
suppression of autonecrosis. Science 296: 744-747 
 
Krusell, L., Madsen, L.H., Sato, S., Aubert, G., Genua, A., Szczyglowski, K., Duc, G., Kaneko, T., 
Tabata, S., de Bruijn, F., Pajuelo, E., Sandal, N., and Stougaard, J. (2002). Shoot control of root 
development and nodulation is mediated by a receptor-like kinase. Nature 420: 422-426 
 
Laurent, F., Labesse. G., and de Wit, P.J.G.M. (2000). Molecular cloning and partial characterization 
of a plant VAP33 homologue with a major sperm protein domain. Biochem. Biophys. Res. Commun. 
270: 286-292 
 
Laux, T., Mayer, K.F., Berger, J., and Jürgens, G. (1996). The WUSCHEL gene is required for shoot 
and floral meristem integrity in Arabidopsis. Development 122: 87-96 
 
Lenhard, M., and Laux, T. (2003). Stem cell homeostasis in the Arabidopsis shoot meristem is 
regulated by intercellular movement of CLAVATA3 and its sequestration by CLAVATA1. Development 
130: 3163-3173 
 
Li, J., and Chory, J. (1997). A putative leucine-rich repeat receptor kinase involved in brassinosteroid 
signal transduction. Cell 90: 929-938 
 
Li, J., Wen, J., Lease, K.A., Doke, J.T., Tax, F.E., and Walker, J.C. (2002). BAK1, an Arabidopsis 
LRR receptor-like protein kinase, interacts with BRI1 and modulates brassinosteroid signaling. Cell 
110: 213-222 
 
Malnoy, M., Xu, M., Borejsza-Wysocka, E., Korban, S.S., and Aldwinckle, H.S. (2008). Two 
receptor-like genes, Vfa1 and Vfa2, confer resistance to the fungal pathogen Venturia inaequalis 
inciting apple scab disease. Mol. Plant-Microbe Interact. 21: 448-458 
 
Matsubayashi, Y. (2003). Ligand-receptor pairs in plant peptide signaling. J. Cell Sci. 116: 3863-3870 
 
Matsubayashi, Y., Ogawa, M., Morita, A., and Sakagami, Y. (2002). An LRR receptor kinase 
involved in perception of a peptide plant hormone, Phytosulfokine. Science 296: 1470-1472 
 
Mayer, K.F., Schoof, H., Haecker, A., Lenhard, M., Jurgens, G. and Laux, T. (1998). Role of 
WUSCHEL in regulating stem cell fate in the Arabidopsis shoot meristem. Cell 95: 805-815 
 
Miwa, H., Betsuyaku, S., Iwamoto, K., Kinoshita, A., Fukuda, H., and Sawa, S. (2008). The 
receptor-like kinase SOL2 mediates CLE signaling in Arabidopsis. Plant Cell Physiol. 49: 1752-1757 
 
Miyao, A., Tanaka, K., Murata, K., Sawaki, H., Takeda, S., Abe, K., Shinozuka, Y., Onosato, K., 
and Hirochika, H. (2003). Target site specificity of the Tos17 retrotransposon shows a preference for 
insertion within genes and against insertion in retrotransposon-rich regions of the genome. Plant Cell 
15: 1771-1780 
 
Mizuno, S., Osakabe, Y., Maruyama, K., Ito, T., Osakabe, K., Sato, T., Shinozaki, K., and 
Yamaguchi-Shinozaki K. (2007). Receptor-like protein kinase 2 (RPK 2) is a novel factor controlling 
anther development in Arabidopsis thaliana. Plant J. 50: 751-766 
 
Mondragon-Palomino, M., and Gaut, B.S. (2005). Gene conversion and the evolution of three 
leucine-rich repeat gene families in Arabidopsis thaliana. Mol. Biol. Evol. 22: 2444-2456 
 
Montoya, T., Nomura, T., Farrar, K., Kaneta, T., Yokota, T., and Bishop, G.J. (2002). Cloning the 
tomato Curl3 gene highlights the putative dual role of the leucine-rich repeat receptor kinase 
tBRI1/SR160 in plant steroid hormone and peptide hormone signaling. Plant Cell 14: 3163-3176 
 
General Introduction and Outline 
 
 39 
Müller, R., Bleckmann, A., and Simon, R. (2008). The receptor kinase CORYNE of Arabidopsis 
transmits the stem cell-limiting signal CLAVATA3 independently of CLAVATA1. Plant Cell 20: 934-946 
 
Murphy, A.S., Bandyopadhyay, A., Holstein, S.E., and Peer, W.A. (2005). Endocytotic cycling of 
PM proteins. Annu. Rev. Plant. Biol. 56: 221-251 
 
Nadeau, J.A., and Sack, F.D. (2002). Control of stomatal distribution on the Arabidopsis leaf surface. 
Science 296: 1697-1700 
 
Nam, K. H., and Li, J. (2002). BRI1/BAK1, a receptor kinase pair mediating brassinosteroid signaling. 
Cell 110: 203-212 
 
Nawy, T., Lee, J.Y., Colinas, J., Wang, J.Y., Thongrod, S.C., Malamy, J.E., Birnbaum, K., Benfey, 
P.N. (2005). Transcriptional profile of the Arabidopsis root quiescent center. Plant Cell 17: 1908-1925 
 
Nishimura, R., Hayashi, M., Wu, G.J., Kouchi, H., Imaizumi-Anraku, H., Murakami, Y., Kawasaki, 
S., Akao, S., Ohmori, M., Nagasawa, M., Harada, K., and Kawaguchi, M. (2002). HAR1 mediates 
systemic regulation of symbiotic organ development. Nature 420: 426-420 
 
Ni, J., and Clark, S.E. (2006). Evidence for functional conservation, sufficiency, and proteolytic 
processing of the CLAVATA3 CLE domain. Plant Physiol. 140: 726-733 
 
Nodine, M.D., Yadegari R., and Tax, F.E. (2007a). RPK1 and TOAD2 are two receptor-like kinases 
redundantly required for Arabidopsis embryonic pattern formation. Dev. Cell 12: 943-956 
 
Nodine, M.D., and Tax, F.E. (2008). Two receptor-like kinases required together for the establishment 
of Arabidopsis cotyledon primordia. Dev Biol. 314: 161-170 
 
Nonomura, K., Miyoshi, K., Eiguchi, M., Suzuki, T., Miyao, A., Hirochika, H., and Kurata, N. 
(2003). The MSP1 gene is necessary to restrict the number of cells entering into male and female 
sporogenesis and to initiate anther wall formation in rice. Plant Cell 15: 1728-1739 
 
Nomura, T., Bishop, G.J., Kaneta, T., Reid, J.B., Chory, J., and Yokota, T. (2003). The LKA gene 
is a BRASSINOSTEROID INSENSITIVE 1 homolog of pea. Plant J. 36: 291-300 
 
Ogawa, M,, Shinohara, H., Sakagami, Y., and Matsubayashi, Y. (2008). Arabidopsis CLV3 peptide 
directly binds CLV1 ectodomain. Science 319: 294 
 
Osakabe, Y., Maruyama, K., Seki, M., Satou, M., Shinozaki, K., and Yamaguchi-Shinozaki, K. 
(2005). Leucine-rich repeat receptor-like kinase1 is a key membrane-bound regulator of abscisic acid 
early signaling in Arabidopsis. Plant Cell 17: 1105-1119 
 
Polo, S., and Di Fiore, P.P. (2006). Endocytosis conducts the cell signaling orchestra. Cell 124: 897-
900 
 
Rivas, S., Rougon-Cardoso, A., Smoker, M., Schauser, L., Yoshioka, H., and Jones, J.D.G. 
(2004). CITRX thioredoxin interacts with the tomato Cf-9 resistance protein and negatively regulates 
defence. EMBO J. 23: 2156-2165 
 
Robatzek, S., Chinchilla, D., and Boller, T. (2006). Ligand-induced endocytosis of the pattern 
recognition receptor FLS2 in Arabidopsis. Genes Dev. 20: 537-542 
 
Robatzek, S. (2007). Vesicle trafficking in plant immune responses. Cell. Microbiol. 9: 1-8 
 
Ron, M., and Avni, A. (2004). The receptor for the fungal elicitor ethylene-inducing xylanase is a 
member of a resistance-like gene family in tomato. Plant Cell 16: 1604-1615 
 
Rooney, H.C.E., van’t Klooster, J.W., van der Hoorn, R.A.L., Joosten, M.H.A.J., Jones, J.D.G., de 
Wit, P.J.G.M. (2005). Cladosporium Avr2 inhibits tomato Rcr3 protease required for Cf2-dependent 
disease resistance. Science 308: 1783-1786 
 
Russinova, E., Borst, J.W., Kwaaitaal, M., Cano-Delgado, A., Yin, Y., Chory, J., de Vries, S.C. 
Chapter 1                                                                           
 
 40 
(2004). Heterodimerization and endocytosis of Arabidopsis brassinosteroid receptors BRI1 and 
AtSERK3 (BAK1). Plant Cell 16: 3216-3229 
 
Sarkar, A., Luijten, M., Miyashima, S., Lenhard, M., Hashimoto, T., Nakajima, K., Scheres, B., 
Heidstra, R. and Laux, T. (2007). Conserved factors regulate signaling in Arabidopsis shoot and root 
stem cell organizers. Nature 446: 811-814 
 
Scheer, J.M., and Ryan, C.A. (2002). The systemin receptor SR160 from Lycopersicon peruvianum is 
a member of the LRR receptor kinase family. Proc. Natl. Acad. Sci. USA 99: 9585-9590 
 
Schnabel, E., Journet, E.P., de Carvalho-Niebel, F., Duc, G., and Frugoli, J. (2005). The Medicago 
truncatula SUNN gene encodes a CLV1-like leucine-rich repeat receptor kinase that regulates nodule 
number and root length. Plant Mol Biol. 58: 809-822 
 
Schoof, H., Lenhard, M., Haecker, A., Mayer, K.F.X., Jürgens, G., and Laux, T. (2000). The stem 
cell population of Arabidopsis shoot meristems is maintained by a regulatory loop between the 
CLAVATA and WUSCHEL genes. Cell 100: 635-644 
 
Searle, I.R., Men, A.E., Laniya, T.S., Buzas, D.M., Iturbe-Ormaetxe, I., Carroll, B.J., and Gresshoff, 
P.M. (2003). Long-distance signaling in nodulation directed by a CLAVATA1-like receptor kinase. 
Science 299: 109-112 
 
Seear, P.J, and Dixon, M.S. (2003). Variable leucine-rich repeats of tomato disease resistance genes 
Cf-2 and Cf-5 determine specificity. Mol. Plant Pathol. 4: 199-202 
 
Shepard, K.A., and Purugganan, M.D. (2003). Molecular population genetics of the Arabidopsis 
CLAVATA2 region: the genomic scale of variation and selection in a selfing species. Genetics 163: 
1083-1095 
 
Shpak, E.D., Berthiaume, C.T., Hill, E.J., and Torii, K.U. (2004). Synergistic interaction of three 
ERECTA-family receptor-like kinases controls Arabidopsis organ growth and flower development by 
promoting cell proliferation. Development 131: 1491-1501 
 
Shpak, E.D., McAbee, J.M., Pillitteri, L.J., and Torii, K.U. (2005). Stomatal patterning and 
differentiation by synergistic interactions of receptor kinases. Science 309: 290-293 
 
Sharma, V.K., Ramirez, J., and Fletcher, J.C. (2003). The Arabidopsis CLV3-like (CLE) genes are 
expressed in diverse tissues and encode secreted proteins. Plant Mol. Biol. 51: 415-425 
 
Shiu, S. H., and Bleecker, A. B. (2001a). Plant receptor-like kinase gene family: diversity, function, 
and signaling. Sci. STKE re22 
 
Shiu, S. H., and Bleecker, A. B. (2001b). Receptor-like kinases from Arabidopsis form a 
monophyletic gene family related to animal receptor kinases. Proc. Natl. Acad. Sci. USA 98: 10763-
10768 
 
Shiu, S. H., and Bleecker, A. B. (2002). Expansion of the receptor-like kinase/Pelle gene family and 
receptor-like proteins in Arabidopsis. Plant Physiol. 132: 530-543 
 
Song, W.-Y., Wang, G.-L., Chen, L.-L., Kim, H.-K., Pi, L.-Y., Holsten, T., Gardner, J., Wang, B., 
Zhai, W.-X., Zhu, L.-H., Fauquet, C., and Ronald, P. (1995). A receptor-like protein encoded by the 
rice disease resistance gene, Xa21. Science 270: 1804-1806 
 
Stein, J. C., Howlett. B., Boyes, D.C., Nasrallah, M.E., and Nasrallah, J.B. (1991). Molecular 
cloning of a putative receptor protein kinase gene encoded at the self-incompatibility locus of Brassica 
oleracea. Proc. Natl. Acad. Sci. USA  88: 8816-8820 
 
Steinmann, T., Geldner, N., Grebe, M., Mangold, S., Jackson, C.L., Paris, S., Gälweiler, L., 
Palme, K., and Jürgens, G. (1999). Coordinated polar localization of auxin efflux carrier PIN1 by 
GNOM ARF GEF. Science 286: 316-318 
 
General Introduction and Outline 
 
 41 
Stergiopoulos, I., and de Wit, P.J.G.M. (2009). Fungal effector proteins. In press. 
 
Stone, J.M., Trotochachaud, A.E., Walker, J.C., and Clark, S.E. (1998). Control of meristem 
development by CLAVATA1 receptor kinase and Kinase-Associated Protein Phosphatase interactions. 
Plant Physiol. 117: 1217-1225 
 
Stracke, S., Kistner, C., Yoshida, S., Mulder, L., Sato, S., Kaneko, T., Tabata, S., Sandal, N., 
Stougaard, J., Szczyglowski, K., and Parniske, M. (2002). A plant receptor-like kinase required for 
both bacterial and fungal symbiosis. Nature 417: 959-962 
 
Sun, X., Cao, Y., Yang, Z., Xu, C., Li, X., Wang, S., and Zhang, Q. (2004). Xa26, a gene conferring 
resistance to Xanthomonas oryzae pv. oryzae in rice, encodes an LRR receptor kinase-like protein. 
Plant J. 37: 517-527 
 
Suzaki, T., Sato, M., Ashikari, M., Miyoshi, M., Nagato, Y., and Hirano, H.Y. (2004). The gene 
FLORAL ORGAN NUMBER1 regulates floral meristem size in rice and encodes a leucine-rich repeat 
receptor kinase orthologous to Arabidopsis CLAVATA1. Development 131: 5649-5657 
 
Taguchi-Shiobara, F., Yuan, Z., Hake, S., and Jackson, D. (2001). The fasciated ear2 gene 
encodes a leucine-rich repeat receptor-like protein that regulates shoot meristem proliferation in 
maize. Genes Dev 15: 2755-2766 
 
Tang, W., Ezcurra, I., Muschietti, J., and McCormick, S. (2002). A cysteine-rich extracellular protein, 
LAT52, interacts with the extracellular domain of the pollen receptor kinase LePRK2. Plant Cell 14: 
2277-2287 
 
Thomas, C.M., Jones, D.A., Parniske, M., Harrison, K., Balint-Kurti, P.J., Hatzixanthis, K., Jones, 
J.D.G. (1997). Characterization of the tomato Cf-4 gene for resistance to Cladosporium fulvum 
identifies sequences that determine recognitional specificity in Cf-4 and Cf-9. Plant Cell 9: 2209-2224 
 
Thomma, B.P.H.J., van Esse, H.P., Crous, P.W., and de Wit, P.J.G.M. (2005). Cladosporium fulvum 
(syn. Passalora fulva), a highly specialized plant pathogen as a model for functional studies on plant 
pathogenic Mycosphaerellaceae. Mol. Plant Pathol., 6: 379-393 
 
Tichtinsky, G., Vanoosthuyse, V., Cock, J. M., and Gaude, T. (2003). Making inroads into plant 
receptor kinase signaling pathways. Trends Plant Sci. 8: 231-237 
 
Toubart, P., Desiderio, A., Salvi, G., Cervone, F., Daroda, L., and De Lorenzo, G. (1992). Cloning 
and characterization of the gene encoding the endopolygalacturonase-inhibiting protein (PGIP) of 
Phaseolus vulgaris L. Plant J. 2: 367-373 
 
Torii, K.U. (2005). Leucine-rich repeat receptor kinases in plants: structure, function, and signal 
transduction pathways. Int. Rev. of Cyt. 234: 1-46 
 
Torii, K.U., Mitsukawa, N., Oosumi, T., Matsuura, Y., Yokoyama, R., Whittier, R.F., and Komeda, 
Y. (1996). The Arabidopsis ERECTA gene encodes a putative receptor protein kinase with 
extracellular leucine-rich repeats. Plant Cell 8: 735-746 
 
Trotochaud, A.E., Hao, T., Wu, G., Yang, Z., and Clark, S.E. (1999). The CLAVATA1 receptor-like 
kinase requires CLAVATA3 for its assembly into a signaling complex that includes KAPP and a Rho-
related protein. Plant Cell 11: 393-405 
 
van der Hoorn, R.A., Roth, R., and de Wit, P.J. (2001). Identification of distinct specificity 
determinants in resistance protein Cf-4 allows construction of a Cf-9 mutant that confers recognition of 
avirulence protein Avr4. Plant Cell 13: 273–285 
 
van der Hoorn, R.A., Wulff, B.B., Rivas, S., Durrant, M.C., van der Ploeg, A., de Wit, P.J., and 
Jones, J.D. (2005). Structure-function analysis of Cf-9, a receptor-like protein with extracytoplasmic 
leucine-rich repeats. Plant Cell 17: 1000-1015 
 
Vert, G., Nemhauser, J.L., Geldner, N., Hong, F., and Chory, J. (2005). Molecular mechanisms of 
Chapter 1                                                                           
 
 42 
steroid hormone signaling in plants. Annu. Rev. Cell. Dev. Biol. 21: 177-201 
 
Vinatzer, B.A., Teitzel, G.M., Lee, M.W., Jelenska, J., Hotton, S., Fairfax, K., Jenrette, J., and  
Greenberg, J.T. (2006). The type III effector repertoire of Pseudomonas syringae pv. syringae B728a 
and its role in survival and disease on host and non–host plants. Mol. Microbiol. 62: 26-44 
 
Wang, G.L., Ruan, D.L., Song, W.Y., Sideris, S., Chen, L., Pi, L., Whalen, M.C., Zhang, S.,  
Fauquet, C., and Ronald, P.C. (1998). The rice disease resistance gene, Xa21D, encodes a 
receptor-like molecule with a LRR domain that determines race specific recognition and is subject to 
adaptive evolution. Plant Cell 10: 765-780 
 
Wang, Z.-W., Seto, H., Fuijoka, S., Yoshida, S., and Chory, J. (2001). BRI1 is a critical component 
of a plasma-membrane receptor for plant steroids. Nature 410: 380-383 
 
Watanabe, M., Tanaka, H., Watanabe, D., Machida, C., and Machida, Y. (2004). The ACR4 
receptor-like kinase is required for surface formation of epidermis-related tissues in Arabidopsis 
thaliana. Plant J. 39: 298-308 
 
Williams, R.W., Wilson, J.M., and Meyerowitz, M. (1997). A possible role for kinase-associated 
protein phospatase in the Arabidopsis CLAVATA1 signaling pathway. Proc. Natl. Adad. Sci. USA 94: 
10467-10472 
 
Worrall, D., Elias, L., Ashford, D., Smallwood, M., Sidebottom, C., Lillford, P., Telford, J., Holt, 
C., and Bowles, D. (1998). A carrot leucine-rich-repeat protein that inhibits ice recrystallization. 
Science 282: 115-117 
 
Wulff, B.B., Thomas, C.M., Smoker, M., Grant, M., and Jones, J.D. (2001). Domain swapping and 
gene shuffling identify sequences required for induction of an Avr-dependent hypersensitive response 
by the tomato Cf-4 and Cf-9 proteins. Plant Cell 13: 255-272 
 
Yamamuro, C., Ihara, Y., Wu, X., Noguchi, T., Fujioka, S., Takatsuto, S., Ashikari, M., Kitano, H., 
and Matsuoka, M. (2000). Loss of function of a rice brassinosteroid insensitive1 homolog prevents 
internode elongation and bending of the lamina joint. Plant Cell 12: 1591-1605 
 
Yang, M., and Sack, F.D. (1995). The too many mouths and four lips mutations affect stomatal 
production in Arabidopsis. Plant Cell 7: 2227-2239 
 
Yu, L.P., Simon, E.J., Trotochaud, A.E., and Clark, S.E. (2000). Poltergeist functions to regulate 
meristem development downstream of CLAVATA loci. Development 127: 1661-1670 
 
Yu, L.P., Miller, A.K., and Clark, S.E. (2003). Poltergeist encodes a protein phosphatase 2C that 
regulates CLAVATA pathway controlling stem cell identity at Arabidopsis shoot and flower meristems. 
Curr. Biol. 13: 179-188 
 
Zhang, J., Li, C., Wu, C., Xiong, L., Chen, G., Zhang, Q., and Wang, S. (2006). RMD: a rice mutant 
database for functional analysis of the rice genome. Nucleic Acids Res. 34: D745–D748 
 
Zhao, D.Z., Wang, G.F., Speal, B., and Ma, H. (2002). The Excess microsporocytes1 gene encodes 
a putative leucine-rich repeat receptor protein kinase that controls somatic and reproductive cell fates 
in the Arabidopsis anther. Genes Dev. 16: 2021-2031 
 
Zhou, A., Wang, H., Walker, J.C., and Li, J. (2004). BRL1, a leucine-rich repeat receptor-like protein 
kinase, is functionally redundant with BRI1 in regulating Arabidopsis brassinosteroid signaling. Plant J. 
40: 399-409 
 
Zipfel, C., Kunze, G., Chinchilla, D., Caniard, A., Jones, J.D.G., Boller, T., and Felix, G. (2006). 
Perception of the bacterial PAMP EF-Tu by the receptor EFR restricts Agrobacterium-mediated 
transformation. Cell 125: 749-760 
 
Zipfel, C., Robatzek, S., Navarro, L., Oakeley, E., Jones, J.D.G., Felix, G., and Boller, T. (2004). 
Bacterial disease resistance through flagellin perception in Arabidopsis. Nature 428: 764-767 
  
 
 
Chapter 2 
 
 
A genome-wide functional investigation into 
the roles of receptor-like proteins in 
Arabidopsis 
 
 
 
 
Guodong Wang1*, Ursula Ellendorff2*, Ben Kemp3, John W. Mansfield4, Alec Forsyth4, 
Kathy Mitchell4, Kubilay Bastas3, Chun-Ming Liu1, Alison Woods-Tör3, Cyril Zipfel5, 
Pierre J.G.M. de Wit2, Jonathan D.G. Jones5, Mahmut Tör3 and Bart P.H.J. Thomma2 
 
1Plant Research International, B.V., Business Unit Bioscience, P.O. Box 16, 6700 AA 
Wageningen, The Netherlands 
2Laboratory of Phytopathology, Wageningen University, Binnenhaven 5, 6709 PD 
Wageningen, The Netherlands 
3Warwick HRI, University of Warwick, Wellesbourne, Warwick CV35 9EF, United Kingdom 
4Imperial College London, Division of Biology, Wye Campus, Wye, Ashford, Kent TN25 
5AH, United Kingdom 
5Sainsbury Laboratory, John Innes Centre, Norwich Research Park, Norwich NR4 7UH, 
United Kingdom 
*These authors contributed equally to the work 
 
 
 
 
Chapter 2                                                                        
 
     44
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Receptor-like proteins in Arabidopsis 
 
 45 
 
ABSTRACT 
 
Receptor-like proteins (RLPs) are cell surface receptors that typically consist of an 
extracellular leucine-rich repeat domain, a transmembrane domain, and a short cytoplasmatic 
tail. In several plant species, RLPs have been found to play a role in disease resistance, such as 
the tomato (Solanum lycopersicum) Cf and Ve proteins and the apple (Malus domestica) 
HcrVf2 protein that mediate resistance against the fungal pathogens Cladosporium fulvum, 
Verticillium spp., and Venturia inaequalis, respectively. In addition, RLPs play a role in plant 
development; Arabidopsis (Arabidopsis thaliana) TOO MANY MOUTHS (TMM) regulates 
stomatal distribution, while Arabidopsis CLAVATA2 (CLV2) and its functional maize (Zea 
mays) ortholog FASCIATED EAR2 regulate meristem maintenance. In total, 57 RLP genes 
have been identified in the Arabidopsis genome and a genome-wide collection of T-DNA 
insertion lines was assembled. This collection was functionally analyzed with respect to plant 
growth and development and sensitivity to various stress responses, including susceptibility 
toward pathogens. A number of novel developmental phenotypes were revealed for our CLV2 
and TMM insertion mutants. In addition, one AtRLP gene was found to mediate abscisic acid 
sensitivity and another AtRLP gene was found to influence nonhost resistance toward 
Pseudomonas syringae pv phaseolicola. This genome-wide collection of Arabidopsis RLP 
gene T-DNA insertion mutants provides a tool for future investigations into the biological 
roles of RLPs. 
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INTRODUCTION 
 
For decades, it was thought that the communication between plant cells occurs through the 
cell wall-spanning cytoplasmic bridges called plasmodesmata. However, since the 
identification of the first plant cell surface receptor (Walker and Zhang, 1990), it has been 
known that, similar to other multicellular organisms, plants can perceive extracellular signals 
at the plasma membrane. Since then, many plant cell surface receptors have been found to 
play key roles in very diverse processes ranging from growth and development, in which they 
perceive endogenous self signals, to recognition of other organisms, in which they perceive 
exogenous nonself signals (Diévart and Clark, 2004).  
 
A common structural element of many plant cell surface receptors is the extracellular Leu-rich 
repeat (eLRR) domain that is generally thought to mediate ligand perception (Kobe and 
Kajava, 2001; Kinoshita et al., 2005). These eLRRs are composed of 23 to 25 amino acids 
with the conserved consensus sequence LxxLxxLxLxxNxLt/sgxIpxxLG (Jones and Jones, 
1997). The largest group of eLRR-containing cell surface receptors is formed by the receptor-
like kinases (RLKs) that are composed of an eLRR domain, a single-pass transmembrane 
domain, and a cytoplasmic kinase domain, with over 200 representatives in the Arabidopsis 
(Arabidopsis thaliana) genome (Shiu and Bleecker, 2003). The second largest group of 
eLRR-containing cell surface receptors is formed by the receptor-like proteins (RLPs) that 
differ from RLKs in that they lack the cytoplasmic kinase domain and only have a short 
cytoplasmic tail that lacks obvious motifs for intracellular signaling except for the putative 
endocytosis motif found in some members (Joosten and de Wit, 1999; Kruijt et al., 2005). 
Typically, the amino acid sequence of RLPs has been divided into the conserved domains A 
through G with a putative signal peptide (A), a Cys-rich domain (B), the LRR domain (C), a 
spacer (D), an acidic domain (E), the transmembrane domain (F), and a short cytoplasmic 
region (G). Furthermore, the LRR-containing C domain is subdivided into three domains in 
which the non-LRR island C2 domain interrupts the C1 and C3 LRR regions (Jones and Jones, 
1997).  
 
Recently, considerable advances have been made in our understanding of the role and 
function of RLKs and how they relay extracellular signals to initiate an intracellular response 
(Nürnberger and Kemmerling, 2006; Li and Jin, 2007). By contrast, very little is known about 
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RLP signaling (Fritz-Laylin et al., 2005; Kruijt et al., 2005). The first RLP gene identified was 
tomato (Solanum lycopersicum) Cf-9 that mediates resistance against strains of the leaf mold 
fungus Cladosporium fulvum that carry the avirulence gene Avr9 (Jones et al., 1994). C. 
fulvum is a biotrophic pathogen that is characterized by strictly apoplastic growth (Thomma et 
al., 2005). To date, several Cf resistance genes have been cloned from tomato that all to 
belong to the RLP gene family (Dixon et al., 1996, 1998; Thomas et al., 1997; Takken et al., 
1999). In addition to Cf genes, the RLP gene family in tomato comprises two Ve genes that 
have been reported to provide resistance against vascular wilt pathogens of the genus 
Verticillium (Kawchuk et al., 2001) that, like C. fulvum, grow extracellularly without 
penetrating plant cells (Fradin and Thomma, 2006). Finally, the tomato RLP family comprises 
two LeEIX genes that encode receptors for the ethylene-inducible xylanase produced by 
extracellularly growing Trichoderma biocontrol fungi (Ron and Avni, 2004).  
 
In addition to tomato, RLPs have been implicated in disease resistance in other plant species 
(Kruijt et al., 2005). Apple (Malus domestica) HcrVf-2 confers resistance to the apple scab 
fungus Venturia inaequalis (Belfanti et al., 2004). Furthermore, an Arabidopsis chitin-
inducible RLP gene has been implicated in resistance against the powdery mildew pathogen 
Erysiphe cichoracearum (Ramonell et al., 2005).  
 
RLPs also play significant roles in plant development. For example, Arabidopsis CLAVATA2 
(CLV2) was found to be crucial for maintaining a balanced meristematic stem cell population 
and is required for the accumulation and stability of CLV1, which is an RLK (Jeong et al., 
1999). It has been proposed that CLV1 and CLV2 undergo a physical interaction to form a 
heterodimer to act as receptor for the predicted extracellular peptide ligand CLV3 (Trotochaud 
et al., 1999; Rojo et al., 2002; Ogawa et al., 2008). Upon ligand perception by the ectodomain 
(Ogawa et al., 2008), the kinase domain of CLV1 is thought to be activated to initiate the 
downstream signaling that is required to maintain the stem cell population (Rojo et al., 2002; 
Diévart and Clark, 2004). In maize (Zea mays), an ortholog of the CLV2 gene has been 
identified as FASCIATED EAR2 (Taguchi-Shiobara et al., 2001). Furthermore, the RLK thick 
tassel dwarf1 has been identified as a CLV1 ortholog, suggesting that the CLAVATA 
signaling pathway is conserved between monocots and dicots (Bommert et al., 2005). Another 
RLP gene, TOO MANY MOUTHS (TMM), is involved in plant development in Arabidopsis 
and regulates stomatal distribution across the epidermis (Nadeau and Sack, 2002). Although a 
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physical interaction between TMM and any other RLP or RLK has not been established, 
TMM was found to negatively regulate three RLKs of the ERECTA family (Shpak et al., 
2005).  
 
Previously, in the Arabidopsis genome, 56 putative RLP genes (AtRLPs) were identified that 
are assembled at 33 loci (Fritz-Laylin et al., 2005). So far, a function has been assigned only 
to the three AtRLP genes described above (Jeong et al., 1999 ; Nadeau and Sack, 2002; 
Ramonell et al., 2005), implicating that the other RLPs are orphan proteins. In the complete 
genome sequence of the monocot plant rice (Oryza sativa), 90 RLP genes have been identified 
(Fritz-Laylin et al., 2005). Genes involved in plant development are presumably under 
evolutionary pressure to maintain a specific function that reduces sequence drift across 
orthologs, while disease resistance genes are under strong diversifying selection to produce 
highly divergent sequences with distinct recognition capacities (Fritz-Laylin et al., 2005). 
Based on the sequence comparison between Arabidopsis and rice RLP genes, and building on 
the hypothesis that developmental genes are less likely to be duplicated and undergo 
diversifying selection than are disease resistance genes (Leister, 2004), nine AtRLP genes 
were proposed as putative developmental orthologous genes, while the remaining AtRLP 
genes were proposed to be candidate disease resistance genes (Fritz-Laylin et al., 2005). In 
this article, we report on the assembly and functional analysis of a genome-wide collection of 
AtRLP family T-DNA knockout lines. This collection has been screened for altered 
phenotypes in growth and development but also alterations in response to pathogen challenge. 
Our analysis has revealed novel phenotypes linked with mutations in the well-studied AtRLPs 
TMM and CLV2. Furthermore, one AtRLP gene is found to play a role in abscisic acid (ABA) 
signaling, a process in which RLP activity has not been implicated previously. Remarkably, 
despite an extensive list of pathogens tested, including adapted and nonadapted pathogens of 
Arabidopsis, we have been able to identify only one AtRLP gene with a role in basal nonhost 
resistance against the nonadapted bacterial pathogen Pseudomonas syringae pv phaseolicola 
(Psp). The described AtRLP T-DNA collection is a valuable source for future investigations 
into the biological roles of RLPs.  
 
RESULTS 
 
AtRLP gene structure and AtRLP protein analysis 
 
At the onset of this project, a bioinformatic analysis to investigate the structure of all the 
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AtRLP genes was undertaken. To this end, BLAST searches were performed on the 
Arabidopsis genome sequence using the predicted protein sequences of the previously 
characterized RLPs CLV2, TMM, and Cf-9 as queries. The set of Arabidopsis genes obtained 
in this way was further analyzed for the presence of a signal peptide, eLRRs, a 
transmembrane domain, and a short cytoplasmic tail lacking kinase motifs in the predicted 
protein. Although a previously published study has identified in total 56 AtRLP genes (Fritz-
Laylin et al., 2005), our analysis revealed a set of 57 putative AtRLP genes (Table I). All 57 
AtRLP genes were assigned AtRLP numbers in consecutive order according to their gene 
numbers along the Arabidopsis genome (Table I). The additional AtRLP gene identified here, 
denoted as AtRLP5, corresponds to At1g34290, and, although it carries only two eLRRs, the 
predicted protein complies with the canonical RLP domain composition.  
 
Pairwise amino acid sequence comparison revealed that AtRLPs display low overall sequence 
identity, with only 10 pairwise combinations that share over 70% identity (Supplemental 
Table S1). Of these, the proteins encoded by the neighboring genes AtRLP41 and AtRLP42 
share the highest level of identity (86%). Furthermore, both proteins are highly similar to 
AtRLP39 (85% and 82% identity, respectively), and the corresponding genes reside in close 
proximity to each other, suggesting recent gene multiplication. Two other AtRLP proteins, 
AtRLP44 and AtRLP57, are found to be similar in length and domain composition, sharing 
80% identity (Fig. 1; Supplemental Table S1), although the genes that encode these proteins 
are located on different chromosomes. To further assess the structures of AtRLP genes, the 
exon boundaries and corresponding flanking intron sequences were determined. While only 
21% of the genes in the Arabidopsis genome are composed of a single exon (Arabidopsis 
Genome Initiative, 2000), 37 of the 57 (65%) AtRLP-encoding genes were found to contain a 
single exon (Fig. 1). Interestingly, within the group of genes that contain multiple exons, 
AtRLP9, AtRLP14, AtRLP15, AtRLP21, and AtRLP56 have introns at similar positions in the 
genes (Fig. 1). Similarly, the introns of AtRLP19, AtRLP33, and AtRLP34 are also localized at 
comparable positions (Fig. 1). Furthermore, all the AtRLP genes that contain multiple exons 
cluster in a phylogenetic tree (Fig. 1). 
 
Next, the domain composition was analyzed for all predicted AtRLP proteins. As has been 
noted previously (Fritz-Laylin et al., 2005), the AtRLPs exhibit great variation at the sequence 
level and also in the numbers of eLRRs (Fig. 1). The predicted sizes of the AtRLPs range 
Chapter 2                                                                        
 
     50
 
Receptor-like proteins in Arabidopsis 
 
 51 
Figure 1. A phylogenetic view of AtRLP protein domain configurations and the corresponding RLP gene 
structures as shown by exon/intron boundaries. Left, Phylogenetic tree of the AtRLP family that also includes 
CLV2 (AtRLP10) and TMM (AtRLP17). The tree was generated from the alignment of C3-F domains of all 
AtRLPs with 100 bootstrap replicates as indicated on the branch of the tree. The AGI code and AtRLP gene 
number are indicated on the left. Genes are organized according to the order along the chromosomes. Middle, 
Domain organizations as predicted by SMART/Pfam. Each colored box represents a domain as indicated. The 
arrowhead shows the putative N-terminal transmembrane domain. The open box indicates an amino acid 
fragment not showing any significant motif or domain. Right, RLP gene structure presented by gray boxes for 
exons and spaces for the introns. 
 
from 218 amino acids (AtRLP25) to 1,784 amino acids (AtRLP9), whereas the eLRRs vary in 
number from two (AtRLP5) to 49 (AtRLP9; Fig. 1). Of the 57 AtRLPs, 18 are predicted to 
contain two transmembrane domains, one at the N terminus and one at the C terminus, 
although it is presently unclear whether the N terminal transmembrane domain indeed 
functions as such. Furthermore, it has previously been noted that not all RLPs contain an 
island domain (C2) within the eLRR region, with TMM as an example (Nadeau and Sack, 
2002). Of the 57 AtRLPs, 45 are predicted to contain a C2 island domain nested in between 
two eLRR blocks (C1 and C3). Remarkably, in 42 of those RLPs, the island domain is 
followed by a C3 domain that contains exactly four eLRRs (Fig. 1). This distinct domain 
organization has not only been observed for some functionally characterized RLPs but also for 
some RLKs (Jones et al., 1994; Song et al., 1995; Clark et al., 1997; Li and Chory, 1997; 
Jeong et al., 1999; Gómez-Gómez and Boller, 2000; Taguchi-Shiobara et al., 2001). For all 
AtRLP genes, corresponding cDNA sequences, EST sequences, Massively Parallel Signature 
Sequencing data, and/or microarray data are deposited in public databases, demonstrating that 
all 57 AtRLP genes are actively transcribed (Supplemental Figs. S1 and S2). 
 
Assembly of a genome-wide collection of AtRLP gene T-DNA insertion mutants 
 
To identify putative T-DNA insertion lines for all the AtRLP genes, we queried the T-DNA 
Express database of the SALK Institute Genome Analysis Laboratory (SIGnAL; 
http://signal.salk.edu). Because often several different insertion lines could be identified for 
each AtRLP gene, insertion lines were selected based on the position of the T-DNA insertion 
within the coding sequence to enhance the likelihood of successful disruption of gene 
function. Preferably, T-DNA insertion lines of the Columbia (Col-0) ecotype were selected 
with exon insertions (Table I). However, if not available, lines with predicted intron (one 
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line), promoter (11 lines), or terminator (four lines) insertions were chosen. For the 57 AtRLP 
genes, 89 T-DNA insertion lines were selected (Table I) that were evaluated for presence of 
the predicted T-DNA insertion using PCR (Supplemental Table S2). Ten lines did not have 
the predicted insertion, whereas 79 were confirmed to carry a T-DNA insertion in the gene of 
interest and for which homozygosity of the T-DNA insert was pursued. For two T-DNA 
insertion lines, FLAG_524A03 and SALK_012745 with an insertion in AtRLP19 and 
AtRLP37, respectively, only heterozygous insertion lines were obtained, suggesting that 
homozygosity of these T-DNA mutations caused embryonic lethality. However, subsequent 
segregation and complementation analysis could not confirm embryo lethality caused by T-
DNA homozygosity in these lines, and they were not used for further analysis. Although we 
were able to identify another T-DNA insertion line for AtRLP37 that was carried to 
homozygosity (Table I), unfortunately, no alternative T-DNA insertion line was available for 
AtRLP19. Overall, in the complete collection of 77 homozygous AtRLP T-DNA insertion 
lines, at least one line was obtained for 56 of the 57 AtRLP genes, while for 19 AtRLP genes 
multiple mutants were identified (Table I).  
 
Phenotypic alterations in growth and development of AtRLP gene T-DNA insertion 
mutants 
 
We examined the phenotypes of the complete collection of homozygous T-DNA insertion 
lines with respect to various characteristics related to plant growth and development. The T-
DNA lines were examined for root development, rosette growth, inflorescence emergence, and 
the development and appearance of flowers and seed. In addition, stomatal patterning across 
the cotyledons and leaves, formation of the leaf cuticle, and the leaf vascular patterns were 
analyzed. Two AtRLP genes, CLV2 (AtRLP10) and TMM (AtRLP17), have previously been 
implicated in plant development (Jeong et al., 1999; Nadeau and Sack, 2002). Our analysis 
showed that the T-DNA insertion lines Atrlp10-1 and Atrlp17-1 for the CLV2 and the TMM 
gene, respectively, displayed phenotypes that have previously been reported for a number of 
mutants in these genes (Yang and Sack, 1995; Kayes and Clark, 1998; Jeong et al., 1999; 
Nadeau and Sack, 2002). Similar to the ethyl methanesulfonate (EMS) mutant tmm-1, the 
stomata of the knockout allele Atrlp17-1 that carries a T-DNA in the ATG start codon of the 
coding sequence were found to cluster across the leaf epidermis (Fig. 2, A–D and J). 
Complementation of Atrlp17-1 with the wild-type TMM allele resulted in disappearance of the 
stomatal clustering phenotype (Fig. 2E), showing that Atrlp17-1 is a true TMM mutant allele.  
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Table 1. List of the Arabidopsis RLP (AtRLP) genes and the corresponding T-DNA 
insertion lines used in this study.  
   
 
   
Gene 
namea 
AGI Code T-DNA line 
ordered 
Mutant 
name 
Ecotype Insertion 
confirmedc Homozygous obtained
c
 
AtRLP1 at1g07390 SALK_059920 AtRLP1-1 Col-0 Yes Yes 
   SALK_116923 AtRLP1-2 Col-0 Yes Yes 
AtRLP2 at1g17240 SALK_049366 AtRLP2-1 Col-0 Yes Yes 
AtRLP3 at1g17250 SALK_051677 AtRLP3-1 Col-0 Yes Yes 
   SAIL_204_D01 AtRLP3-2 CS8846 Yes Yes 
AtRLP4 at1g28340 SALK_039264  AtRLP4-1 Col-0 Yes Yes 
AtRLP5 at1g34290 SALK_112291 AtRLP5-1 Col-0 Yes Yes 
AtRLP6 at1g45616 SALK_080898  AtRLP6-1 Col-0 Yes Yes 
  SAIL_84_E01   AtRLP6-2 CS8846 Yes Yes 
   SALK_020071   Col-0 No    
AtRLP7 at1g47890 SALK_030269  AtRLP7-1 Col-0 Yes Yes 
AtRLP8  at1g54480 SM_3_38632 AtRLP8-1 Col-0 Yes Yes 
   SM_3_20200 AtRLP8-2 Col-0 Yes Yes 
AtRLP9 at1g58190 SALK_061979 AtRLP9-1 Col-0 Yes Yes 
   SALK_023419 AtRLP9-2 Col-0 Yes Yes 
AtRLP10  at1g65380 GABI_686A09  AtRLP10-1 Col-0 Yes Yes 
(CLV2)  clv2-3 (EMS)d clv2-3 Col-0 Yes Yes 
AtRLP11 at1g71390 SALK_013218 AtRLP11-1 Col-0 Yes Yes 
AtRLP12 at1g71400 SALK_151456 AtRLP12-1 Col-0 Yes Yes 
AtRLP13 at1g74170 SALK_020984 AtRLP13-1 Col-0 Yes Yes 
AtRLP14 at1g74180 SAIL_513_A08 AtRLP14-1 CS8846 Yes Yes 
  GABI_077G01  Col-0 No   
AtRLP15 at1g74190 SALK_041143 AtRLP15-1 Col-0 Yes Yes 
AtRLP16 at1g74200 SALK_032150  AtRLP16-1 Col-0 Yes Yes 
AtRLP17  at1g80080 FLAG_014F03 AtRLP17-1 WS-2 Yes Yes 
(TMM)  tmm-1 (EMS)e tmm-1 CS6140 Yes Yes 
   SAIL_165_F02     CS8846 No    
AtRLP18 at2g15040 SAIL_400_H02 AtRLP18-1 CS8846 Yes Yes 
AtRLP19 at2g15080 FLAG_524A03 AtRLP19-1 WS-2 Yes No 
AtRLP20 at2g25440 SALK_130147  AtRLP20-1 Col-0 Yes Yes 
AtRLP21 at2g25470 SAIL_693_F05 AtRLP21-1 Col-0 Yes Yes 
   SALK_133403    Col-0 No   
AtRLP22 at2g32660 SALK_125231 AtRLP22-1 Col-0 Yes Yes 
AtRLP23 at2g32680 SALK_034225  AtRLP23-1 Col-0 Yes Yes 
AtRLP24 at2g33020 SALK_046236  AtRLP24-1 Col-0 Yes Yes 
AtRLP25 at2g33030 SALK_048434 AtRLP25-1 Col-0 Yes Yes 
AtRLP26 at2g33050 SALK_104127 AtRLP26-1 Col-0 Yes Yes 
   SALK_026997    Col-0 No   
AtRLP27 at2g33060 SALK_029443  AtRLP27-1 Col-0 Yes Yes 
AtRLP28 at2g33080 SM_3_1740 AtRLP28-1 Col-0 Yes Yes 
AtRLP29 at2g42800 SALK_022220 AtRLP29-1 Col-0 Yes Yes 
AtRLP30 at3g05360 SALK_122528 AtRLP30-1 Col-0 Yes Yes 
  SALK_008911 AtRLP30-2 Col-0 Yes Yes 
  SALK_122536 AtRLP30-3 Col-0 Yes Yes 
  SALK_145342 AtRLP30-4 Col-0 Yes Yes 
AtRLP31 at3g05370 SALK_058586 AtRLP31-1 Col-0 Yes Yes 
   SALK_094160  AtRLP31-2 Col-0 Yes Yes 
AtRLP32 at3g05650 FLAG_588C11 AtRLP32-1 WS-2 Yes Yes 
AtRLP33 at3g05660 FLAG_048F06 AtRLP33-1 WS-2 Yes Yes 
  SALK_087631 AtRLP33-2 Col-0 Yes Yes 
   SALK_085252 AtRLP33-3 Col-0 Yes Yes 
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AtRLP34 at3g11010 SALK_067155  AtRLP34-1 Col-0 Yes Yes 
  SALK_085506   Col-0 No  
AtRLP35 at3g11080 SALK_096171 AtRLP35-1 Col-0 Yes Yes 
   SALK_016143 AtRLP35-2 Col-0 Yes Yes 
AtRLP36 at3g23010 SALK_086147 AtRLP36-1 Col-0 Yes Yes 
AtRLP37 at3g23110 SALK_041785 AtRLP37-1 Col-0 Yes Yes 
  SALK_012745 AtRLP37-2 Col-0 Yes No 
AtRLP38 at3g23120 SALK_017819 AtRLP38-1 Col-0 Yes Yes 
   GT_5_105490     Ler No   
AtRLP39 at3g24900 SALK_126505 AtRLP39-1 Col-0 Yes Yes 
   SALK_126504   Col-0 No   
AtRLP40 at3g24954 GABI_564D03 AtRLP40-1 Col-0 Yes Yes 
AtRLP41 at3g25010 SALK_024020 AtRLP41-1 Col-0 Yes Yes 
  SM_3_20242   AtRLP41-2 Col-0 Yes Yes 
 
 SM_3_38956   AtRLP41-3 Col-0 Yes Yes 
AtRLP42 at3g25020 SALK_080324 AtRLP42-1 Col-0 Yes Yes 
  SALK_094190 AtRLP42-2 Col-0 Yes Yes 
AtRLP43 at3g28890 SALK_041685  AtRLP43-1 Col-0 Yes Yes 
AtRLP44 at3g49750 SALK_097350 AtRLP44-1 Col-0 Yes Yes 
  SALK_045246 ATRLP44-2 Col-0 Yes Yes 
AtRLP45 at3g53240 GABI_620G05 AtRLP45-1 Col-0 Yes Yes 
   FLAG_339H12 AtRLP45-2 WS-2 Yes Yes 
AtRLP46 at4g04220 SALK_048207  AtRLP46-1 Col-0 Yes Yes 
   SAIL_15_A02     CS8846 No   
AtRLP47 at4g13810 SALK_105921 AtRLP47-1 Col-0 Yes Yes 
AtRLP48 at4g13880 SALK_036842 AtRLP48-1 Col-0 Yes Yes 
AtRLP49 at4g13900 SALK_067372 AtRLP49-1 Col-0 Yes Yes 
   SALK_116910 AtRLP49-2 Col-0 Yes Yes 
AtRLP50 at4g13920 SALK_070876  AtRLP50-1 Col-0 Yes Yes 
AtRLP51 at4g18760 SALK_143038  AtRLP51-1 Col-0 Yes Yes 
  SAIL_740_C06 AtRLP51-2 Col-0 Yes Yes 
AtRLP52 at5g25910 SALK_107922 AtRLP52-1 Col-0 Yes Yes 
   SALK_054976   Col-0 No   
AtRLP53 at5g27060 SALK_124008 AtRLP53-1 Col-0 Yes Yes 
AtRLP54 at5g40170 SAIL_306_E09   AtRLP54-1 CS8846 Yes Yes 
AtRLP55 at5g45770 SALK_139161 AtRLP55-1 Col-0 Yes Yes 
  SALK_076590 AtRLP55-2 Col-0 Yes Yes 
AtRLP56 at5g49290 SALK_129306 AtRLP56-1 Col-0 Yes Yes 
  SALK_010565 AtRLP56-2 Col-0 Yes Yes 
AtRLP57 at5g65830 SALK_077716 AtRLP57-1 Col-0 Yes Yes 
 
 
 
In addition, as expected, the Atrlp10-1 mutant with a knockout in the CLV2 gene displayed 
enlarged shoot meristem (Fig. 3, D and E) and alterations in the development of the gynoecia, 
flowers, carpels, pedicels, and stamens (data not shown). Like other CLV2 mutants, the 
Atrlp10-1 mutant fails to respond to in vitro treatment with a synthetic peptide that 
corresponds to the conserved CLE motif that is present in the CLV3-like peptide ligands (Fig. 
3H; Fiers et al., 2005). However, while the previously described CLV2 mutants (clv2-1 to 
clv2-5) generally have four carpels (Kayes and Clark, 1998), Atrlp10-1 shows only a mild 
carpel phenotype with 2.6 carpels on average (Fig. 3N).  
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Figure 2. Characterization of the 
Atrlp17-1 mutant allele. A to E, 
Comparison of stomata distribution of 
wild-type (A and C) with the Atrlp17-1 
mutant (B), tmm-1 mutant (D), and the 
Atrlp17-1 mutant after complementation 
with a wild-type TMM allele (E). The 
arrows indicate single stomata, while the 
circles indicate stomatal clusters. F to I, 
Comparison of ABA response of wild-
type (top half of the plate) with Atrlp17-1 
(F and G; bottom half of the plate) or 
tmm-1 (H and I; bottom half of the plate) 
in the absence (F and H) and presence (G 
and I) of ABA. J, Location of the T-DNA 
insertion in Atrlp17-1. 
 
 
Interestingly, despite the relatively weak carpel phenotype, Atrlp10-1 exhibits a number of 
phenotypes that have not previously been reported for any of the CLV2 mutants (Fig. 3). 
Plants from the Atrlp10-1 T-DNA insertion line grow slower, develop more rosette leaves and 
shorter stems, and flower at a later stage than wild-type plants and the clv2-3 mutant (Fig. 3, 
I–M). During flowering, the meristem of the main inflorescence stops producing flowers for a 
short period, upon which flowering is resumed (Fig. 3, A, B, and G). However, side stems do 
not show this temporary termination of the flower meristem. Linkage analysis in a segregating 
population has demonstrated that the temporary termination of flowering phenotype is linked 
to a homozygous T-DNA knockout in Atrlp10-1. Moreover, complementation of Atrlp10-1 
with the wild-type CLV2 allele restored all clv2 mutant phenotypes (Fig. 3, C and L–N). 
 
Conditional phenotypic alterations of AtRLP gene T-DNA insertion mutants 
 
We tested the collection of T-DNA lines for altered conditional developmental phenotypes, 
including gravitropism, response to darkness or treatment with different hormones, and a 
CLV3-like peptide ligand (Supplemental Table S3). For most of the treatments, no consistent 
differential responsiveness within the collection of AtRLP gene knockout lines was observed 
(data not shown). The only treatment that resulted in a reliable phenotype was a treatment with 
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Figure 3. Characterization of the Atrlp10-1 mutant allele. A, Wild-type inflorescence meristem. B, Atrlp10-1 
inflorescence meristem. C, Atrlp10-1 inflorescence meristem upon complementation with a wild-type CLV2 
allele. D and E, Cleared shoot meristem of wild type (D) and Atrlp10-1 (E). Arrowheads indicate meristem 
borders. F, Location of T-DNA insertion in Atrlp10 (CLV2). G, Comparison of inflorescence development of 
wild type (left) with Atrlp10-1 mutant (right). The zoom-in picture indicated no siliques were developed because 
of the temporary termination of inflorescence meristem of Atrlp10-1 mutant. H, The 8-d, wild-type seedling 
(left) showed a short root phenotype, while Atrlp10-1 (right) shows no effect with 10 µM CLV3p treatment. I, 
Comparison of 4-week-old plants of wild type (left) with Atrlp10-1 mutant (right). J and K, Comparison of 2-
week-old plants of wild type (J) with Atrlp10-1 mutant (K). L to N, The mean rosette leaf number (L), height of 
the primary stem (M), and carpel number (N) of wild types, clv2-3, Atrlp10-1, and Atrlp10-1 upon 
complementation with a wild-type CLV2 allele. Asterisks indicate significant differences (P < 0.01) compared to 
the respective wild types. 
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the plant hormone ABA. In addition to the previously described stomatal clustering 
phenotype, tmm-1 and Atrlp17-1 that both carry a mutation in the AtRLP gene TMM displayed 
decreased sensitivity to ABA. Although seedlings of nontreated Atrlp17-1 and tmm-1 mutants 
were phenotypically indistinguishable from control plants (Fig. 2, F and H), exogenous 
application of ABA induced chlorosis in control plants but not in mutants and reduced the 
growth of Atrlp17-1 and tmm-1 mutants (Fig. 2, G and I) in comparison to the respective 
control plants. These results indicate that TMM plays a role in ABA-induced chlorosis and 
growth reduction in Arabidopsis.  
 
Assessment of the roles of AtRLP genes in plant defense 
 
To determine whether AtRLP genes play a role in the perception and signaling of abiotic stress 
signals, we have tested the sensitivity of the collection of T-DNA insertion lines for several 
abiotic stress inducers. These included inducers of salt stress, osmotic stress, drought stress, 
reactive oxygen stress, and heavy metal stress (Supplemental Table S3). No consistent 
phenotypic alterations were observed for any of these abiotic stress stimuli within the 
collection of T-DNA mutant lines in comparison to wild-type plants.  
 
We have also investigated the possible roles of AtRLP genes in the recognition of plant 
pathogens. The collection of T-DNA insertion lines was assessed for altered phenotypic 
responses upon pathogen challenge with a diverse range of host-adapted and nonadapted 
necrotrophic or biotrophic pathogens (Thomma et al., 2001). Nonadapted pathogens are 
pathogenic on other hosts but normally unable to colonize Arabidopsis. The bacterial 
pathogens Pectobacterium atrosepticum, P. syringae pv tomato (Pst) DC3000, and 
Xanthomonas campestris pv campestris; the fungal pathogens Alternaria brassicicola, 
Botrytis cinerea, Cladosporium cucumerinum, C. fulvum, Colletotrichum destructivum, 
Oidium neolycopersici, Plectosphaerella cucumerina, Sclerotinia sclerotiorum, and 
Verticillium dahliae; and the oomycetes Phytophthora infestans and Hyaloperonospora 
parasitica were among the pathogens tested (Supplemental Tables S3 and S4). Remarkably, 
none of the T-DNA insertion lines showed a significant phenotypic alteration in their 
sensitivity toward these pathogens.  
 
Examination of nonhost interactions was extended using the nonpathogenic bean pathogen 
Psp strain 1448A that is unable to colonize wild-type Col-0 due to changes to the challenged 
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Figure 4. AtRLP30 is involved in bacterial resistance and localized at the plasma membrane. A to C, 
Symptom development in Arabidopsis leaves 4 d after inoculation with Psp. Areas in half leaves of Col-0 (A), 
RLP30-1 (B), and Col-0 fls2 (C) were syringe inoculated after wounding. Full details of symptom scores are 
recorded in Table II. D, Comparative analysis of the multiplication of Psp 1448A in Col-0 and Atrlp30 mutant 
plants. Infiltrated leaves were examined 3 d after inoculation; results are means from four replicates with SEs. 
Statistical analysis using Student's t tests showed significantly higher numbers of bacteria in the mutants (P = 
0.047, 0.014, and 0.088 for Atrlp30-1, -2, and -3, respectively). E to G, Localization of GFP-tagged AtRLP30 in 
leaf epidermis and petiole tissue as determined using confocal microscopy (E and F) and western blotting with 
an antibody directed against the HA tag (G). H, Locations of the T-DNA insertions in AtRLP30. 
 
plant cell wall rather than a hypersensitive response (Soylu et al., 2005; de Torres et al., 2006). 
Colonization by Psp 1448A is known to be enhanced in Col-0 fls2 mutants that lack the 
ability to perceive flagellin, irrespective of whether inocula are applied to the leaf surface or 
infiltrated directly into the mesophyll (Zipfel et al., 2004; de Torres et al., 2006). The response 
of AtRLP T-DNA insertion lines to infiltration with bacterial suspensions was examined, and 
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symptom development was compared with both wild-type and fls2 mutant plants in each set 
of experiments. We initially recorded the development of yellowing and patchy collapse of 
infiltrated tissues using an incremental seven-point scoring system. Lines revealing 
differences in reaction compared with the wild-type Col-0 in the first experiment were further 
assessed by repeated tests, including measurement of bacterial multiplication. The mutant 
Atrlp30-1 recorded consistently enhanced symptom development and more bacterial 
multiplication with Psp 1448A (Fig. 4, A–C). Subsequently, additional insertion mutants in 
AtRLP30 recovered from SALK stocks were likewise examined for their reaction to Psp 
1448A (Fig. 4, D and H; Table II). In all cases, enhanced symptom development was recorded 
(Table II) that was associated with the recovery of higher mean numbers of bacteria from 
infiltrated tissue (Fig. 4D). Student's t tests indicated that all of the mutants allowed 
significantly higher multiplication than Col-0 (P = 0.05, 0.01, and 0.08 for Atrlp30-1, Atrlp30-
2, and Atrlp30-3, respectively). In all cases, the enhanced symptom development in AtRLP30 
T-DNA mutant lines was lower than observed in the Col-0 fls2 mutant (Fig. 4, A–C; Table II). 
Similar as for Atrlp30 mutants, enhanced susceptibility toward Psp 1448A was recorded for 
Atrlp18-1 mutants. However, we were unable to further confirm the phenotype due to absence 
of additional lines with T-DNA insertions in At2g15040.  
 
Table II. Symptom development in leaves of Col-0 and mutant lines after syringe inoculation with Psp 
1448A. DPI, Days postinoculation. 
 
Plant      DPI Frequency of lesion typea Mean scoreb (SD) 
  
0 1 2 3 4 5 6 7 
 
Col 0 4 4 5 15      1.46 (0.8) 
 
6 3 2 9 8 2    2.29 (1.0) 
AtRLP30-1 4 1 2 9 2 10    2.75 (1.2)* 
 
6 
 5 5 6 7 1   3.75 (1.2) * 
AtRLP30-3 4 1 3 11 3 6    2.42 (1.1)* 
 
6 
 2 2 7 7 6   3.54 (1.2)* 
AtRLP30-4 4 2 2 7 6 7    2.58 (1.2)* 
 
6 
 1 3 4 7 9   3.83 (1.2)* 
Col-fls2 4 
  2 4 9 7 2  4.13 (1.0)* 
 
6 
   3 3 8 6 4 5.21 (1.3)* 
 
a
 Three half leaves on eight plants were infiltrated with bacteria at OD600 0.25 (approximately 2 x 108 cells mL–1). 
Symptom development was scored after 4 and 6 d and sites assigned to each progressive category: 0, no 
symptoms; 1, very pale yellowing; 2, pale yellowing; 3, yellowing over most of the area infiltrated; 4, pale 
yellowing with patchy collapse; 5, yellow with patchy collapse; 6, collapse of more than 50% of infiltration site; 
and 7, collapse of all the infiltrated area. Lack of a number means no sites in the category.  
 
b Asterisks indicate significant differences (P < 0.1) compared to Col-0 at the respective time points. 
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Examination of the enhanced susceptibility phenotype of Atrlp30 mutants was extended by 
examining Pst strains that carry the avirulence genes AvrRpm1, AvrRpt2, AvrRps4, AvrPto, 
and AvrPtoB, and also hrpA and hrcC mutants of Pst, a coronatine-deficient Pst mutant, and 
the nonadapted strain P. syringae pv tabaci (Supplemental Table S3). However, Atrlp30 
mutants did not display enhanced susceptibility to any of these bacterial strains.  
 
Because of its potential role in basal defense, we examined the subcellular localization of the 
AtRLP30 protein in Arabidopsis. Transgenic plants expressing C-terminal GFP-tagged 
AtRLP30 were generated and examined by confocal microscopy. A clear localization of GFP-
tagged AtRLP30 to the plasma membrane was, as predicted, observed in the leaf epidermis 
(Fig. 4F) and petiole tissue (Fig. 4E), which could also be confirmed by western analysis using 
an antibody directed against the hemagglutinin (HA) tag (Fig. 4G).  
 
The enhanced susceptibility of the Atrlp30 and Atrlp18-1 T-DNA insertion mutants to Psp 
1448A could be explained by an altered responsiveness to the pathogen-associated molecular 
pattern (PAMP) flagellin. Examination of expression data showed that AtRLP30 is induced by 
various PAMPs, including flg22 (Supplemental Fig. S3). We therefore compared the effect of 
the flg22 flagellin peptide derived from Psp 1448A on the seedling growth of Col-0 and the 
Atrlp30-1 T-DNA insertion mutant, but no differences were observed (Supplemental Fig. S3). 
The reduced basal defense observed in the AtRLP30 mutant was therefore through a route 
other than flagellin perception. The analysis of response to flg22 was extended to the whole 
collection of AtRLP T-DNA insertion mutants. In no case was any significant alteration in the 
inhibition of seedling growth observed (Supplemental Table S5). Similarly, none of the Atrlp 
mutant lines had a significant alteration in its response to the necrosis-inducing elicitor protein 
from B. cinerea, BcNEP1 (Schouten et al., 2008), compared to the controls.  
 
Mining of AtRLP expression data to uncover additional AtRLP-regulated biological 
processes 
 
In our unbiased screenings, few novel biological roles have been uncovered for AtRLP genes. 
To gain additional insight into the possible biological processes in which AtRLP genes are 
involved, the Genevestigator online search tool Meta-Analyzer (Zimmermann et al., 2004) 
was used (Supplemental Fig. S2). This analysis revealed that the expression of the AtRLP 
genes in the context of different organs, growth stages, and stress responses is very diverse. 
Most AtRLP genes are expressed in many organs and developmental stages. AtRLP4, which 
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was predicted as a putative developmental ortholog (Fritz-Laylin et al., 2005), is ubiquitously 
and highly expressed across almost all the developmental stages and organs, confirming a 
potential basic function in plant development (Supplemental Figs. S1 and S2). However, the 
development of the Atrlp4-1 mutant is indistinguishable from that of wild-type plants. Some 
AtRLP genes are specifically expressed in only one or a few organs, such as AtRLP5, AtRLP8, 
AtRLP11, AtRLP45, and AtRLP48 that are mainly expressed in pollen (Supplemental Fig. S2), 
suggesting they may play a role at the reproductive stage. However, no defective pollen 
phenotypes were observed for mutants in those respective genes. The stress response 
expression data upon challenge with pests and pathogens, hormones, and abiotic stress factors 
(Supplemental Fig. S2) show differential expression patterns for all AtRLP genes. Strikingly, 
AtRLP48 is highly induced only upon hormone treatment, and for two hormone treatments 
(ABA and zeatin), AtRLP48 is the only AtRLP gene induced. Nevertheless, Atrlp48-1 showed 
no phenotype upon treatment with these hormones (data not shown).  
 
 
 
 
 
 
 
 
 
Figure 5. Characterization of the Atrlp41 mutant 
alleles. A, Comparison of the leaf phenotype of 
wild type with mutants Atrlp41-1, Atrlp41-2, and 
Atrlp41-3 after exogenous application of ABA 
(right). B, The location of T-DNA in Atrlp41-1, 
Atrlp41-2, and Atrlp41-3. 
 
 
As many as 25 AtRLP genes (AtRLP2–4, 7, 13, 19, 20, 22, 23, 26, 28, 34–38, 40–43, 46, 47, 
50, 52, and 54) are predominantly expressed in senescent leaves (Supplemental Fig. S2). Of 
these, five AtRLP-encoding genes (AtRLP7, 20, 28, 36, and 42) are almost exclusively 
induced in senescent leaves (Supplemental Fig. S2), suggesting a possible function in 
senescence-related processes. Therefore, we tested whether the 25 AtRLP genes are involved 
in senescence-related processes by subjecting leaves of the corresponding mutants to 
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submergence in ABA. Most of the mutants did not show any altered phenotypes. However, 
three independent T-DNA insertion lines (Salk_024020, SM_3_20242, and SM_3_38956) of 
AtRLP41 displayed enhanced sensitivity upon exogenous application of 100 µM ABA, 
because the mutant leaves were bleached while wild-type leaves remained green (Fig. 5A). 
Therefore, our results indicate that AtRLP41 plays a role in ABA responses.  
 
Previously, AtRLP51 was reported to be locally induced in roots by the nonpathogenic, root-
colonizing rhizobacterium Pseudomonas fluorescens WCS417r (Verhagen et al., 2004). This 
bacterium activates induced systemic resistance (ISR) against a broad range of pathogens 
(Pieterse et al., 1996). To investigate the role of AtRLP51 in activation of ISR, we tested the 
two T-DNA insertion mutants Atrlp51-1 and Atrlp51-2 for their ability to express ISR upon 
treatment with P. fluorescens WCS417r. After treatment, plants were inoculated with Pst 
DC3000 or with B. cinerea. While wild-type and mutant plants grown in noninfested control 
soil showed full susceptibility, both wild type and the mutants developed similar levels of ISR 
toward these pathogens in soil infested with P. fluorescens, indicating that AtRLP51 is not 
involved in ISR (data not shown). 
 
DISCUSSION 
 
We have undertaken a reverse genetic approach to genome-wide study the role of RLP genes 
in Arabidopsis. Previously, a total of 56 AtRLP genes have been identified (Fritz-Laylin et al., 
2005). In this study, we identified one additional putative AtRLP gene, AtRLP5, which 
corresponds to At1g34290. Although this gene carries only two eLRRs, it complies with the 
canonical RLP domain composition. Moreover, it has been noted that the number of LRR 
units of resistance genes and resistance gene analogs can be highly variable, ranging from one 
to over two dozen, which is likely to be caused by illegitimate recombination (Wicker et al., 
2007). We assembled a genome-wide collection of T-DNA knockout mutants that comprises 
at least one insertion mutant for 56 of the 57 AtRLP genes. We could not obtain any insertion 
line for just one of the RLP genes, AtRLP19, which may indicate that insertions in this 
specific AtRLP gene cause lethality. In total, 77 homozygous insertion lines in AtRLP genes 
have been collected that have all been assessed for phenotypic alterations in plant growth and 
development and for altered responsiveness to various external stimuli, including abiotic stress 
triggers and microbial pathogens. Previously, biological roles have been assigned to only two 
AtRLP genes, CLV2 and TMM (Jeong et al., 1999; Nadeau and Sack, 2002), while the 
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biological functions of the remaining 55 AtRLP genes have remained elusive so far. 
 
In this study, a number of additional novel phenotypes were found for insertion mutants in the 
CLV2 and TMM genes. Previous studies have demonstrated that mutations in any of the three 
CLV genes result in enlargement of meristems and increased floral organ numbers (Clark et al., 
1993, 1995). Our CLV2 T-DNA insertion allele (Atrlp10-1) was found to grow slower, 
develop more rosette leaves and shorter stems, and develop flowers at a later stage than wild-
type plants or clv2-3 mutants. Furthermore, the meristem of the main inflorescence was found 
to terminate flowering for a short period, upon which flowering resumed, resulting in an 
irregular distribution of siliques over the main stem. These novel phenotypes were found to be 
linked to the T-DNA insertion in CLV2 and may be attributed to the genetic background of the 
mutation, as the T-DNA insertion is a mutant of the Col-0 ecotype, while all other previously 
described clv2 mutants are backcrossed into the Landsberg erecta (Ler) ecotype (Kayes and 
Clark, 1998). The progeny of crosses between Atrlp10-1 and Ler wild-type plants developed a 
strong carpel phenotype that is comparable to clv2 alleles in the Ler ecotype: more rosette 
leaves and reduced height without transient termination of the main inflorescence (G. Wang, 
unpublished data). This suggests that the transient termination of the main inflorescence in 
Atrlp10-1 is most likely due to interplay within the genetic background of Col-0.  
 
Previously, TMM has been shown to control the initiation of stomatal precursor cells and 
determine the orientation of the asymmetric divisions that pattern stomata (Geisler et al., 2000; 
Nadeau and Sack, 2002). In our TMM T-DNA insertion mutant (Atrlp17-1), we also observed 
the typical stomatal clustering phenotype. In addition, we found that mutations in TMM also 
displayed altered sensitivity to ABA. Growth of the TMM mutants was reduced upon 
exogenous application of ABA, while the induced chlorosis that is observed in control plants 
after ABA treatment was not observed. It has long been known that during early stages of 
drought, plant roots produce ABA that is transported with the transpiration stream and acts as 
a physiological signal to close stomata. The actual closure is established by an increase of the 
Ca2+ concentration in the guard cell cytoplasm (Schroeder and Hagiwara, 1989). At present, it 
is not known how TMM regulates stomatal distribution, but ABA sensitivity might be a 
crucial factor in this process. Apart from TMM, a visible altered phenotype upon ABA 
treatment could be identified for AtRLP41, because the corresponding mutants Atrlp41-1 to 
Atrlp41-3 showed enhanced sensitivity to exogenous application of ABA. Nevertheless, for 
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these mutants no abnormalities in stomatal patterning could be observed. AtRLP41 appeared 
to be highly induced during plant senescence, and, because ABA is known to be able to act as 
an inducer of senescence, it is tempting to speculate that AtRLP41 is involved in ABA-
induced senescence responses, although Atrlp41 mutants did not show any phenotypic 
alterations at this stage. However, ABA also plays important roles in other processes, 
including seed development and dormancy (Christmann et al., 2006), which might explain 
why expression at senescence stages has been reported. Although ABA receptors have not 
been identified yet, it has been demonstrated that an RLK called RPK1 is involved in early 
ABA perception in Arabidopsis (Osakabe et al., 2005). Reminiscent to the situation as occurs 
with the RLK CLV1 that interacts with the RLP CLV2, RPK1 may interact with TMM1 or 
AtRLP41 to constitute an ABA receptor complex.  
 
Interestingly, it was recently shown that TMM negatively regulates three RLKs during the 
process of stomatal differentiation, one of which is ERECTA that also controls organ size and 
shape (Torii et al., 1996; Shpak et al., 2005). In addition, it was recently found that ERECTA 
also regulates plant transpiration efficiency, as ERECTA was found to modulate stomatal 
density through a role in epidermal pavement cell expansion (Masle et al., 2005). Possibly, 
TMM functions as an anchor protein for multiple RLKs in different signaling processes. A 
similar situation has recently been demonstrated for the RLK protein BAK1/SERK3 that not 
only interacts with the RLK BRI1 to modulate brassinosteroid signaling and thus regulate 
brassinosteroid-dependent growth (Li et al., 2002; Russinova et al., 2004) but also interacts 
with the RLK FLS2 that acts as a PAMP receptor for bacterial flagellin and functions in innate 
immunity in a brassinosteroid-independent manner (Chinchilla et al., 2007; Heese et al., 2007). 
It is anticipated that BAK1 interacts with additional innate immune receptors, because it also 
regulates full responses to PAMPs that are not related to flagellin, the containment of 
microbial infection-induced cell death, and restriction of various bacterial, fungal, and 
oomycete infections (Chinchilla et al., 2007; Heese et al., 2007; Kemmerling et al., 2007). The 
participation of specific receptor proteins in different receptor complexes may explain why 
some of these receptors play roles in processes as diverse as plant development and pathogen 
defense. This is not only the case for BAK1 but also for ERECTA that, in addition to 
development (Torii et al., 1996; Masle et al., 2005; Shpak et al., 2005), also plays a role in 
defense (Godiard et al., 2003; Llorente et al., 2005).  
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Remarkably, among the genome-wide collection of AtRLP T-DNA insertion mutants, visibly 
altered phenotypes were observed for only the four genes CLV2, TMM, AtRLP41, and 
AtRLP30, even though a wide range of developmental stages and treatments were tested. In 
other plant species, by far most RLP genes have been implicated in mediating microbial 
perception, mostly as pathogen resistance genes (Kruijt et al., 2005). In Arabidopsis, AtRLP52 
has been implicated in resistance against the powdery mildew pathogen E. cichoracearum 
(Ramonell et al., 2005). Interestingly, it was observed that this specific AtRLP is also required 
for full resistance against the barley (Hordeum vulgare) pathogen Blumeria graminis f. sp. 
hordei (J. Mansfield, unpublished data). However, in this study, it is rather surprising that 
only two of the T-DNA insertion lines in the AtRLP genes, AtRLP18 and AtRLP30, displayed 
altered susceptibility upon pathogen challenge. Four independent mutations in AtRLP30 were 
found to affect Arabidopsis nonhost defense against the nonadapted bean (Phaseolus vulgaris) 
pathogen Psp, although the mutants were not as susceptible as fls2 mutants defective in the 
perception of bacterial flagellin. This suggests that, rather than acting as a true resistance gene 
like all other RLPs that have been characterized in plant defense, both AtRLP18 and AtRLP30 
act as components of basal defense. Interestingly, defense against another nonadapted P. 
syringae strain (pv tabaci) was not compromised, while defense against weakly pathogenic 
Pst strains (hrpA, hcrC, and coronatine mutants) also appeared to be intact. In tomato, the 
RLP genes Ve1 and Ve2 have been implicated in resistance against race 1 strains of the 
vascular pathogen V. dahliae (Kawchuk et al., 2001), which also is a pathogen of Arabidopsis 
(Fradin and Thomma., 2006). Nevertheless, none of the AtRLP insertion lines was found to 
display altered V. dahliae susceptibility. Based on sequence comparison and bioinformatic 
analysis, it has been suggested that the vast majority of the AtRLP genes were likely to act as 
disease resistance genes. Despite screening a broad spectrum of pathogens with different 
colonization and feeding styles, we have so far not been able to support this hypothesis. 
Possibly, this is the consequence of not having used the correct pathogen strains against which 
these genes are active. Alternatively, the AtRLP genes may not act as race-specific disease 
resistance genes but rather play a role in nonhost resistance or basal host defense. In such 
cases, the array of potential microbial targets may be dramatically increased and the response 
to more microbes or even insects and nematodes should be tested (Stout et al., 2006).  
 
The lack of identification of biological functions for AtRLP genes may also be explained by 
functional redundancy, a phenomenon that typically obscures studies employing reverse 
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genetics strategies, as has been described for MADS-box transcription factors (Panicová et al., 
2003) and RLK gene family members (Albrecht et al., 2005; DeYoung et al., 2006; Hord et al., 
2006). It has been suggested that CLV1 and CLV2 heterodimerize to form a receptor complex 
for the secreted CLV3 signaling peptide (Jeong et al., 1999; Ogawa et al., 2008). However, 
when compared to clv1 and clv3 alleles, clv2 mutants display relatively weak phenotypes, 
because fasciation in clv2 mutants is rarely observed and only under short-day growth 
conditions (Kayes and Clark, 1998). This may suggest that the role of CLV2 is indeed 
redundant, although the finding that CLV2, but not CLV1, can perceive the conserved CLE 
motif of CLV3-like peptides argues against this hypothesis (Fiers et al., 2005). Current 
strategies employ RNA interference experiments to interfere with the expression of multiple 
AtRLP genes at the same time and thus possibly overcome functional redundancy among 
AtRLP genes. The RNA interference lines that are silenced for multiple AtRLP genes can be 
screened with the various abiotic and biotic stress factors to find biological roles for these 
AtRLP genes.  
 
MATERIALS AND METHODS 
 
Bioinformatic analysis 
 
To investigate the structure of AtRLP genes, BLAST queries were performed using 
Arabidopsis (Arabidopsis thaliana) CLV2 and TMM and tomato (Solanum lycopersicum) Cf-
9 predicted protein sequences to search translated sequences from the Arabidopsis genome. 
SMART (http://smart.embl-heidelberg.de), PFAM (http://pfam.janelia.org), SignalP 
(http://www.cbs.dtu.dk/services/SignalP), and TMHMM (http://www.cbs.dtu.dk/services 
/TMHMM) were used for domain predictions. The exon/intron boundaries were investigated 
using GenScan (http://genes.mit.edu/GENSCAN.html), refined using SeqViewer at The 
Arabidopsis Information Resource (www.arabidopsis.org), and visualized using Jellyfish 
software (Riethof and Balakrishnan, 2001).  
 
Identification and analysis of T-DNA insertion mutants 
 
The database at SIGnAL (Alonso et al., 2003; http://signal.salk.edu) was searched to identify 
putative T-DNA insertion mutants, the available lines of interest of which were obtained from 
the Nottingham Arabidopsis Stock Center (NASC; http://www.arabidopsis.info), GABI-Kat 
(Rosso et al., 2003; http://www.gabi-kat.de/), or Genoplante FLAGdb/FST (Balzergue et al., 
2001; http://urgi.infobiogen.fr). Correct insertion of the T-DNA in these lines was determined 
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with PCR. Genomic DNA was isolated from individual plants that belong to the respective T-
DNA insertion lines and used in two separate PCR reactions with different primer sets 
(Supplemental Table S2). One contained a gene-specific primer and a T-DNA-specific primer 
to check for the presence of the insertion, and the second PCR contained two gene-specific 
primers spanning the proposed insertion site to check for nondisrupted alleles. Plants for 
which the PCR with a gene-specific primer and a T-DNA-specific primer yielded a product, 
while the PCR with the two gene-specific primers did not yield a product, were considered 
homozygous insertion lines, which was confirmed in plants from the subsequent generation. 
 
Plant growth conditions 
 
Arabidopsis plants of the ecotypes Col-0, Wassilewskija, and Ler were used. Soil-grown 
plants were cultured either in a growth chamber at 22°C, 72% relative humidity, and usually a 
16-h photoperiod, or in a greenhouse at 21°C during the 16-h day period and 19°C during the 
night period at 72% relative humidity. In the greenhouse, supplemental light (100 Wm–2) was 
used when the sunlight influx intensity was below 150 Wm–2.  
 
For in vitro growth of Arabidopsis, seeds were surface sterilized and sown on Murashige and 
Skoog (MS) medium (Duchefa) solidified with 1.5% plant agar (Duchefa). After sowing, the 
plates were incubated at 4°C in the dark for 3 d and subsequently transferred to the growth 
chamber.  
 
Phenotypic evaluations of plant growth and development 
 
For phenotypic evaluations of plant growth and development, Arabidopsis plants were grown 
on half-strength MS medium supplemented with 1% Suc and 0.5 g/L MES, pH 5.8. After 2 
weeks, plants were transferred to soil for further observations. To assess seed morphology, 
siliques from the primary inflorescences were screened for seed abortion using a dissection 
microscope (Tzafrir et al., 2004). Seeds at different developmental stages were mounted in 
clearing solution (Sabatini et al., 1999), and cleared samples were observed using a Nikon 
optiphot microscope equipped with Normarski optics. To score vascular patterning and 
stomatal distribution, cotyledon and rosette leaves were cleared by immersion in 
ethanol:acetic acid (3:1), subsequently rinsed in 70% ethanol, and incubated in 100% ethanol 
at 4°C overnight (Jun et al., 2002). The leaves were observed using a dissecting microscope 
for vascular patterning and Normaski optics for the stomatal distribution. Finally, root 
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geotropism was studied by growing seedlings on vertically oriented half-strength MS plates 
that were rotated 90° after 6 d of growth. After 10 h, the bending angle of the root was 
measured (Sedbrook et al., 2002).  
 
Conditional phenotype assays 
 
To assess susceptibility toward abiotic stress, seeds were sown on MS plates amended with 
NaCl (100 or 150 mM), LiCl (20 or 30 mM), mannitol (150 or 200 mM), or hydrogen 
peroxide (3.3 or 6.7 mM) and evaluated for aberrant growth. To assay heavy metal resistance, 
plants were grown vertically on half-strength MS medium amended with 2% (w/v) Suc and 85 
µM CdCl2 (Lee et al., 2003). 
 
To test whether AtRLP genes are involved in responsiveness to hormones, the sterilized seeds 
were grown on vertically oriented half-strength MS plates containing different hormones at 
different concentrations (Supplemental Table S3). 
 
To screen whether AtRLP genes are involved into leaf senescence, detached leaves were 
floated on 3 mM MES [2-(N-morpholino)ethanesulfonic acid monohydrate] buffer, pH 5.8, in 
the presence of 50 µM or 100 µM ABA, 50 µM methyl jasmonate, 5 µM ethylene, or 1 µM 
epibrassinolide (He et al., 2001). 
 
Pathogen cultivation 
 
Alternaria brassicicola (strain MUCL20297; Mycotheque Université Catholique de Louvain, 
Louvain-la-Neuve, Belgium), Cladosporium cucumerinum, Cladosporium fulvum, 
Plectospaerella cucumerina (Thomma et al., 2000), Sclerotinia sclerotium strain ND30, and 
Verticillium dahliae strain ST37.01 were maintained on potato dextrose agar (Oxoid). Botrytis 
cinerea (Brouwer et al., 2003) was grown on half-strength potato dextrose agar amended with 
5 g/L agar and 150 g/L blended tomato leaves. Colletotrichum destructivum (strain 
IMI349061; CABI Bioscience) was grown on Mathur's agar (Mathur et al., 1950). All fungal 
in vitro cultures were grown at 22°C. Oidium neolycopersisi (Bai et al., 2005) was maintained 
on Moneymaker tomato plants in the greenhouse. Two GFP transformants of the oomycete 
Phytophthora infestans strains 14.3 (Dr. Govers, Wageningen University, The Netherlands) 
and 208M2 (Dr. S. Kamoun, Ohio State University) were maintained on rye-agar at 18°C in 
the dark. Isolates of Hyaloperonospora parasitica were maintained as described (Tör et al., 
2002). Pseudomonas syringae pv tomato DC3000 with or without avrRpt2, avrRpm1, or 
Receptor-like proteins in Arabidopsis 
 
 69 
avrRps4 were grown on King's B agar (King et al., 1954) supplemented with the appropriate 
antibiotics (25 µg/mL rifampicin and 100 µg/mL kanamycin). Pectobacterium atrosepticum 
strain LMG 6669 (Coordinated Collections of Micro-organisms, Ghent, Belgium) was 
maintained on nutrient agar (Oxoid). Xanthomonas campestris pv campestris (strain 568) was 
grown on Kado's medium agar (Kado and Heskett, 1970). All bacterial strains were grown 
overnight at 28°C. 
 
Pathogen inoculations 
 
All pathogen (except V. dahliae and H. parasitica) inoculations were performed using soil-
grown plants with fully expanded rosette leaves. Inoculum of all in vitro-cultured fungi 
(except S. sclerotiorum) was prepared as previously described (Broekaert et al., 1990) and 
used as a suspension of 106 conidia/mL in water. Inoculations with A. brassicicola, B. cinerea, 
C. destructivum, and P. cucumerina were performed by placing a 6-µL drop of the conidial 
suspensions on each expanded leaf (Thomma et al., 1998, 2000; O'Connell et al., 2004; 
Brouwer et al., 2003). C. fulvum and C. cucumerinum suspensions were sprayed as a mist on 
the adaxial sides of the leaves. For V. dahliae inoculations, 2-week-old Arabidopsis plants 
were up-rooted, root tips were cut off, and incubated in the conidial suspension for 1 min. 
Subsequently, the plants were replanted into fresh soil. For S. sclerotiorum, three mycelium 
plugs from a culture plate were placed in a 300-mL flask containing 100 mL of potato 
dextrose broth (Difco) and grown for 3 d at 22°C with 150 rpm. Afterward, the mycelium was 
homogenized in a blender. Leaves were inoculated by placing a 10-µL drop of mycelium 
fragments (OD600 = 3.5) on each of the fully expanded leaves. For P. infestans, a rye-agar 
plate with 10-d-old mycelium was incubated with sterile water at 4°C for 2 h to release 
zoospores from zoosporangia. One 5-µL drop of a suspension of 105 zoospores/mL in water 
was placed on each fully expanded leaf. To avoid background fluorescence from superficial 
growing P. infestans, the drops were removed by drying with tissue paper after 36 h. For 
Oidium neolycopersici, 105 conidia/mL was used. The inoculation was performed as described 
by Bai et al. (2005). Inoculations of Arabidopsis seedlings with H. parasitica were performed 
as described (Tör et al., 2002).  
 
For all bacterial inoculations, bacteria were grown overnight at 28°C in the appropriate 
medium supplemented with the appropriate antibiotics. Strains of P. syringae (except P. 
syringae pv phaseolicola [Psp]) and P. atrosepticum were spray inoculated with a bacterial 
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suspension of OD600 0.3 supplemented with 0.05% [v/v] Silwet L-77 (van Meeuwen 
Chemicals). For X. campestris, two different inoculation methods were carried out (Meyer et 
al., 2005): infiltration of a concentrated bacterial suspension or wound inoculation.  
 
For Psp 1448A, three half leaves on eight plants were infiltrated with bacteria at OD600 0.25 
(approximately 2 x 108 cells/mL). Symptom development was scored after 4 and 6 d and sites 
assigned to each progressive category: 0, no symptoms; 1, very pale yellowing; 2, pale 
yellowing; 3, yellowing over most of the area infiltrated; 4, pale yellowing with patchy 
collapse; 5, yellow with patchy collapse; 6, collapse of more than 50% of infiltration site; and 
7, collapse of all the infiltrated area. Bacterial numbers were recorded as described by de 
Torres et al. (2006). 
 
For all inoculations, except those with O. neolycopersici and V. dahliae, plants were kept in 
boxes with transparent lids at high relative humidity for the remainder of the experiment. As a 
positive control for the inoculations with A. brassicicola, B. cinerea, and P. cucumerina, 
pad3-1 mutant plants were used (Thomma et al., 1999, 2000; Kliebenstein et al., 2005). For P. 
infestans, the pen2-1 mutant was used (Lipka et al., 2005), while for the Pseudomonas strains 
the genotypes NahG and npr1-1 were used (Thomma et al., 1998). Finally, for X. campestris 
the ecotype Kas was used as positive control (Xu et al., 2008). 
 
To test whether AtRLP51 is involved in ISR expression, the ISR bioassay was performed as 
described by Pieterse et al. (1996) except for the challenge inoculation. For P. syringae and 
for B. cinerea, the inoculations were performed as mentioned previously. Except for P. 
syringae, a lower concentration of a bacterial suspension of OD600 0.3 five times diluted was 
used.  
 
Response to pathogen elicitors 
 
Flg22-induced seedling growth inhibition assays (Gomez-Gomez et al., 1999) were performed 
essentially as described (Pfund et al., 2004). After germination of Arabidopsis seeds for 5 d at 
22°C, two seedlings were transferred to 750 mL of liquid MS medium in a 25-well plate either 
with or without 2 mg/L flg22 peptide (sequence, TRLSSGKINSAKDDAAGL). Each 
treatment was replicated five times. After 2 weeks further growth, the weights of the seedlings 
were recorded. Wassilewskija-0, Col-0 fls2 (insensitive to flg22), and Col-0 (susceptible to 
flg22 growth inhibition) were used as controls in each experiment. 
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Leaves of Arabidopsis plants were pressure infiltrated with the B. cinerea elicitor protein 
BcNEP1 that was isolated from a Pichia pastoris culture heterologously expressing BcNEP1. 
A raw protein extract from culture filtrate containing the BcNEP1 protein was isolated as 
described (Schouten et al., 2008) and was 10 times diluted in MMA (5 g/L MS salts 
[Duchefa], 1.9 g/L MES).  
 
Localization of AtRLP30 
 
AtRLP30 is predicted to contain a single exon, which was confirmed by sequencing full-
length cDNA from Col-0 amplified using reverse transcription-PCR. The resulting cDNA was 
cloned into the gateway entry vector pDONR/Zeo using BP clonase (Invitrogen) and 
subsequently transferred to the gateway-compatible binary vector pEarleyGate101 (Earley et 
al., 2006) using LR clonase (Invitrogen). This resulted in a plasmid with AtRLP30 fused to the 
coding sequence of YFP::HA and expression was driven by the cauliflower mosaic virus 35S 
promoter. The T-DNA insertion line Salk_122528, homozygous for the insertion in AtRLP30, 
was transformed with this plasmid using the floral dip method (Clough and Bent, 1998). 
Transgenic plants were selected on soil soaked with 150 mg/L Basta herbicide (glufosinate-
ammonium, Bayer CropScience) and confirmed by PCR. Plants were checked for 
fluorescence using an Olympus IX70 microscope equipped with a Fluroview 300 confocal 
laser scanning unit. AtRLP30::YFP::HA fluorescence was excited with a 488-nm argon laser 
and fluorescence was detected between 510 nm and 530 nm.  
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Supplemental data 
 
The following materials are available in the online version of this article. 
 
Supplemental Figure S1. cDNA, EST, and Massively Parallel Signature Sequencing 
expression data for AtRLP genes. 
 
Supplemental Figure S2. Expression profile of AtRLP genes in various organs and growth 
stages and upon stress responses. 
 
Supplemental Figure S3. Expression of AtRLP30 after PAMP treatment. 
 
Supplemental Table S1. Pairwise alignment of AtRLP amino acid sequences. 
 
Supplemental Table S2. Primers used to check for the presence of the predicted T-DNA 
insertions. 
 
Supplemental Table S3. Conditional phenotype assays for AtRLP mutants. 
 
Supplemental Table S4. Interaction phenotypes of AtRLP mutants with isolates of H. 
parasitica. 
 
Supplemental Table S5. Screening of AtRLP mutants with flg22 using seedling assays. 
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In order to identify the individual functions of receptor like proteins (RLPs) in Arabidopsis, 
we attempted a reverse genetic approach. In a previous genome-wide functional study, we 
assembled a genome-wide collection of RLP gene T-DNA insertional mutants. All mutants 
from this collection have been assessed for phenotypic alterations in plant growth and 
development, and for altered responsiveness to various external stimuli including abiotic 
stress triggers and microbial pathogens (Wang et al., 2008).  
 
In Chapter 3.1, a number of additional novel phenotypes are described for insertional mutant, 
atrlp10, in the reported CLAVATA2 (CLV2)/AtRLP10 gene such as slower growth with 
smaller rosette leaves and shorter stems than wild type plants. In agreement, atrlp10 as well 
as other clv2 alleles fail to respond to CLE peptide when added exogenously both in root and 
shoot meristem. Furthermore, the meristem of the main inflorescence was found to terminate 
flowering for a short period, upon which flowering resumed, resulting in an empty gap on the 
stem without siliques and irregular distribution of siliques over the main stem. Especially, 
atrlp10 shows a very mild pistil phenotype compared with all other characterized clv2 
mutants. We further provide evidence that the phenotype of various clv2/atrlp10 alleles is 
significantly affected by natural variation between different Arabidopsis ecotypes while the 
influence of atrlp10 by the Ler background is not caused by the er mutation but other 
unknown factors. 
 
In Chapter 3.2, the function of AtRLP37 was investigated. We were unable to obtain 
homozygous T-DNA insertion line in SALK_012745 for AtRLP37. Examination of the 
siliques of a heterozygous atrlp37-1 mutant revealed the abortion of embryos, suggesting that 
the inactivation of this gene leads to an embryonic lethality. However, another T-DNA 
insertion mutant (SALK_041785, atrlp7-2), which is also located in AtRLP37, shown no 
embryo abortion.  
 
To gain further insights into the function of CLV2/AtRLP10 and clarify the difference of 
atrlp37-1 and atrlp37-2, a combination of molecular, genetic and biochemical approaches 
were employed to characterize the mutants in detail and the results are described in Chapter 
3.1 for CLV2/AtRLP10 and Chapter 3.2 for AtRLP37. 
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ABSTRACT 
 
In order to identify the functions of receptor-like proteins (RLP) in Arabidopsis, we used a 
reverse genetic approach. In a previous functional study, we assembled a genome-wide 
collection of AtRLP gene T-DNA insertion mutants. This collection was assessed for 
phenotypic alterations in plant growth and development, and for altered responsiveness to 
various external biotic and abiotic stimuli. In this study, a number of additional novel 
phenotypes were found for a clv2 null mutant in Col-0 background, referred to as atrlp10, 
which corresponds to the CLV2 (AtRLP10) gene. Additionally, the atrlp10 mutants maintain 
an enlarged meristem when the CLE peptide is added exogenously, suggesting that CLV2 is 
required for perceiving CLE peptide in the shoot apical meristem as well as in the root apical 
meristem. Over-expression of CLV2 in wild-type plants unexpectedly resulted in a multi-
carpel phenotype, mimicking the clv2/atrlp10 mutant. Initial studies showed that a functional 
CLV2-GFP fusion protein is expressed very weakly but specifically in the root apical 
meristem. We further provide evidence that the phenotypes of various clv2/rlp10 alleles are 
significantly affected by the genetic background of the Arabidopsis ecotypes in which they 
occur. 
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INTRODUCTION 
 
The proper coordination between maintenance of undifferentiated stem cells and cell 
differentiation is critical for organ initiation and formation (Mayer et al., 1998; Groß-Hardt 
and Laux, 2003). Insight into the precise regulation of stem cells in the shoot apical meristem 
(SAM) has revealed three CLAVATA (CLV) genes, CLV1, CLV2 and CLV3, which are 
implicated in this process (Clark et al, 1993; Clark et al, 1995; Kayes and Clark, 1998; 
Diévart et al., 2003). Loss-of-function of the CLV (CLV1, CLV2 and CLV3) loci causes a 
progressive accumulation of undifferentiated stem cells, resulting in an enlarged meristem, 
increased floral organ numbers/whorls and altered phyllotaxy (Clark et al, 1993; Clark et al, 
1995; Clark et al., 1997; Kayes and Clark, 1998). The CLV genes repress the expression 
domain of the stem cell-promoting factor WUSCHEL (WUS) to restrict the number of stem 
cells in SAM (Laux et al., 1996; Mayer et al., 1998; Brand et al., 2000; Schoof et al., 2000; 
Lenhard and Laux, 2003).  
 
CLV2 encodes a leucine-rich repeat (LRR) receptor-like protein (RLP) lacking a cytoplasmic 
kinase domain that is present in CLV1 (Jeong et al. 1999; Clark et al, 1995). In clv2 mutants, 
the CLV1 protein could not be detected although CLV1 was transcribed normally, indicating 
that CLV2 is required for the stability of CLV1 (Jeong et al. 1999). Due to this observation 
and the fact that clv1 and clv2 mutants are epistatic, it is hypothesized that CLV2 
heterodimerizes with CLV1 and forms a receptor complex to perceive the external signal 
peptide CLV3 (Jeong et al., 1999). Indeed CLV3 binds directly to the ectodomain of CLV1 as 
has been shown recently (Ogawa et al., 2008). In addition to CLV1, CRN/SOL2, encoding a 
membrane-associated receptor kinase, acts closely together with CLV2 to transmit the CLV3 
signal independently of CLV1 (Müller et al., 2008; Miwa et al., 2008). Unlike CLV1 that has 
a restricted expression domain, CLV2 and CRN/SOL2 are widely expressed in many plant 
tissues to regulate the development of meristem and many organs (Jeong et al. 1999; Müller et 
al., 2008; Miwa et al., 2008).  
 
Over-expression of CLV3 and related genes causes an arrest of root growth that is prevented 
in a clv2 mutant, suggesting a role of CLV2 in root development (Fiers et al., 2004; Fiers et 
al., 2007). Furthermore, the root meristem of the clv2 mutant was not impaired by in vitro 
application of chemically synthesized CLE peptide, which corresponds to the conserved CLE 
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motif (Fiers et al., 2005; Kinoshita at al., 2007), suggesting the involvement of the CLV2 
receptor in the perception of the CLE peptides in  root (Fiers et al., 2005; Fiers et al., 2006).  
 
Furthermore, it has been shown that no additional organs developed in clv2 flower under 
short-day (SD) light conditions whereas the SAM remains enlarged, suggesting that the 
regulation of flower meristem by CLV2 is dependent on the physiological state of the plant 
and is induced by external conditions (Kayes and Clark, 1998). 
 
In Arabidopsis 56 RLPs, which share sequence similarity with CLV2 and match the canonical 
RLP protein organization, were identified via bioinformatic analyses (Fritz-Laylin et al., 
2005; Wang et al., 2008). We recently reported on the assembly of a genome-wide collection 
of T-DNA insertion lines for the 57 Arabidopsis RLP genes. Only a few new phenotypes were 
discovered through functional characterization of the T-DNA mutant collection with respect 
to Arabidopsis growth, development and sensitivity to various biotic and abiotic stresses 
(Wang et al., 2008). 
 
In order to better understand the function of CLV2, a detailed investigation of the clv2 
phenotype with additional alleles was conducted in this study. Here, we report on new 
insights into CLV2 function during Arabidopsis meristem and leaf development. The SAM of 
clv2/atrlp10 is insensitive to the exogenous application of CLE peptide, indicating that a 
functional CLV2 is needed for CLE peptide perception and signaling. We further show that 
the phenotypes of clv2/atrlp10 alleles are significantly affected by the genetic background of 
the Arabidopsis ecotype in which they occur. 
 
RESULTS 
 
Inactivation of AtRLP10 (CLV2) results in pleiotropic effects on plant development 
 
Searching for T-DNA insertion mutations within Arabidopsis RLP genes led to the 
identification of T-DNA insertion line atrlp10 (GABI_686A09) in Columbia (Col-0) 
background (Wang et al., 2008). RT-PCR experiments with a primer set corresponding to the 
CLV2 gene showed no CLV2 expression in the homozygous mutant plants (Fig. 1D). These 
results indicate that atrlp10 is likely a null mutation responsible for the observed phenotype. 
Not surprisingly, atrlp10 exhibited a relative enlarged SAM as reflected by increased carpel 
numbers (Figs. 1A, 2B) when compared to wild type (WT), but not as strong as other clv2 
alleles, like clv2-3 (Kayes and Clark, 1998) which is in Ler background (Figs. 1A, 2E). This 
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observation leads to the hypothesis that the genetic background affects the clv2 phenotype. 
Under SD, the carpel number of the atrlp10 mutant was close to WT value (data not shown), 
which is in line with the observation that the floral meristem of atrlp10 is suppressed under 
SD (Kayes and Clark, 1998). 
 
 
 
Figure 1. Morphological and molecular characterization of the atrlp10 mutant. A, Comparison of carpel 
number from different ecotypes and alleles of clv2 indicating a strong effect of different ecotypes on the clv2 
phenotype. Mean number of carpels per flower for Col-0, Ler, atrlp10 in Col-0, clv2-3, atrlp10 in Ler are shown 
in the figure. B-C, Comparison of inflorescence meristem of side branches (B, arrested) after clipped the main-
stem inflorescence and WT (C, normal). D, RT-PCR analysis of AtRLP10 expression in atrlp10 and WT plants. 
E, RT-PCR analyses of known meristem regulators. RNA was isolated from the meristem during the termination 
stage. F, Comparison of 3-week-old leaves from Col-0, atrlp10, Ler and clv2-3 (from top to bottom). The leaves 
were arranged acropetally. 
 
Notably, we observed that the inflorescence meristem of atrlp10 transiently terminates after 
the first few normal flowers produced from the main inflorescence (Chapter 2). However, the 
secondary inflorescences revealed no termination, whereas the termination frequency was 
dramatically increased to ca. twenty folds when the main inflorescence was clipped (Fig. 1B). 
To test whether the temporal termination is due to a changed level of expression of genes 
regulating the meristem development, we examined the expression level of several meristem 
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regulators. The expression of WUS in flower meristem is reduced considerably while 
expression of CLV1, AG, AP1 and AP2 remained comparable to WT at the time of 
termination (Fig. 1E). Thus, the SAM defect in atrlp10 is correlated with a reduction in the 
expression of WUS during the transient termination stage. 
 
The atrlp10 and clv2-3 mutations affected leaf morphology as suggested previously (Wang et 
al., 2008). Therefore the role of the CLV2 gene in leaf development was further investigated. 
Rosette leaf expansion was found to be reduced, resulting in narrowed, smaller leaves both in 
clv2-3 and atrlp10 (Fig. 1F) in agreement with a broad role of CLV2 in regulation of plant 
organogenesis (Kayes and Clark, 1998). Specifically, CLV2 was found to be strongly 
expressed in rosette leaves correlated with its role in leaf formation (Fig. 5A). 
 
CLV2 is required for CLE peptide perception in SAM 
 
It was previously found that the root apical meristem of atrlp10, as well as other clv2 alleles, 
is insensitive to treatment with CLE peptides of the conserved motif that is present in CLV3- 
 
 
 
Figure 2. Application of CLE peptide causes no effect on clv2 SAM. A-D, The SAM of 8-day-old seedlings 
from Col-0 (A), Ler (B), atrlp10 (C) and clv2-3 (D) without CLV3 peptide treatment. E-F, The SAM of 8-day-
old seedlings from atrlp10 (E) and clv2-3 (F) after treatment with 10 µM CLV3 peptide. 
 
like peptide ligands (Fiers et al., 2006; Kondo et al., 2006; Wang et al., 2008). This 
observation suggests that CLV2 is involved in perception of the CLE peptides in root 
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development. In order to determine whether CLV2 is capable of perceiving the synthetic 
peptide in the SAM, we challenged the atrlp10 and clv2-3 mutants with CLV3 peptide 
(CLV3p) using a liquid culture approach (Fiers et al., 2006). This in vitro application of 
CLV3p did not result in a significant size reduction of the SAM in atrlp10 and clv2-3 (Figs. 
2A-2F), suggesting that not only CLV1, but also CLV2 is required for perceiving the peptide 
signal in the SAM. Therefore, synthetic CLV3 peptide acts through the endogenous 
CLV1/CLV2 or CRN/CLV2 receptor complex (Fiers et al., 2006; Müller et al., 2008; Miwa et 
al., 2008) 
 
Ectopic expression of CLV2 
 
To further explore the function of CLV2 in Arabidopsis, the effect of ectopic expression of 
CLV2 was examined. We generated transgenic Arabidopsis plants constitutively expressing 
CLV2 under the control of the CaMV 35S promoter (35S:CLV2) which was introduced into 
Col-0 and Ler. Around 30% T0 transgenic plants exhibited the multi-carpel phenotype (Figs. 
3A-3B) as an indicator for meristem enlargement (Clark et al., 1993, 1995; Yu et al., 2000; 
Fiers et al., 2006; Ni and Clark, 2006), mimicking the atrlp10/clv2 mutant (Kayes and Clark, 
1998; Wang et al., 2008). RT-PCR analysis showed a significant reduction of CLV2 mRNA 
level in those multi-carpel transgenic plants (Fig. 3C). However, the CLV2 is expressed at 
elevated level in few WT-looking plants (Fig. 3C). These results suggest that the multi-carpel 
phenotype observed in the transgenic plants is caused by co-suppression of CLV2. The over-
expression of CLV2 in Col-0 and Ler resulted in distinct defects in carpel numbers, 35S:CLV2 
in Col-0 with a mild multi-carpel phenotype averaged 2.4±0.9 while 35S:CLV2 in Ler 
averaged 3.1±0.8. Additionally, transgenic CLV2 expression in Col-0 causes a transient arrest 
of the inflorescence meristem while 35S:CLV2 in Ler did not, as has been shown in the 
atrlp10/clv2 mutant alleles in different ecotypes (Figs. 1B, 3D-3E). 
 
We also tested the functionality of 35S:CLV2 by transformation into clv2-3 mutants. Seven 
out of 11 35S:CLV2 transformants fully complemented the clv2-3 mutant (Fig. 3F). 
Transcription analysis confirmed the elevated expression of CLV2 in the transgenic plants 
compared to WT plants (Fig. 3G).  
 
The phenotypes of the clv2 mutant was affected by natural variation 
 
In the Col-0 background, the null mutant rlp10 exhibited a mild multi-carpel phenotype as  
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Figure 3. Ectopic expression of CLV2 causes cosuppression-like phenotypes. A-B, over-expression of CLV2 
generates multi-carpel siliques. A, Comparison of the silique of Col-0 (left) and 35S:CLV2 in Col-0 (right); B, 
Comparison of the silique of Ler (left) and 35S:CLV2 in Ler (right). C, RT-PCR analysis of CLV2 transcript 
levels in WT and several T0 35S:CLV2 Arabidopsis transgenic plants showing reduced CLV2 transcript levels in 
the co-suppression plants (T0-1 and T0-5) and elevated levels (T0-6) in the WT-like transgenic line. D-E, 
Transient termination of inflorescence caused by 35S:CLV2 in Col-0 ecotype (D), but not in Ler (E). The circle 
shows the early terminated inflorescence. The arrowhead indicates the early produced flower, of which the inset 
shows an enlarged view of the early arrested flower with only one sepal being developed. F, 35S:CLV2 is able to 
complement the clv2-3 mutants. Representative siliques of Ler, clv2-3 and 35S:CLV2 clv2-3 (from left to right).  
G, The elevated CLV2 transcript level present in the T0-1 rescued transgenic plant (35S:CLV2 clv2-3). 
 
compared with other clv2 alleles, like clv2-3 in the Ler background. However, both atrlp10 
and clv2-3 display a significantly different phenotype when compared with WT (Fig. 1A). To 
reveal whether the difference in clv2 phenotype is caused by the genetic background, we 
crossed atrlp10 into a Ler background. The number of carpels of atrlp10 is significantly 
enhanced when present in Ler background (Fig. 1A). The rlp10 mutant in a Col-0 background 
showed an averaged carpel number of 2.68±0.65, while the carpel number increased to an 
average of 3.62±0.43 after introduction into a Ler. In addition, the overall height of the Ler 
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plants carrying atrlp10 is significantly shorter (Fig. 4A) than that of Col-0 plants carrying 
rlp10, which might be caused by the er mutation in Ler (Shpak et al., 2003). To further 
investigate the role of the ERECTA (ER) locus on the clv2 phenotype, the rlp10 mutant was 
crossed with the er-105 mutant (Shpak et al., 2003). The rlp10 er-105 double mutant plants 
displayed a weak carpel phenotype (Fig. 4B) comparable to atrlp10, suggesting a minor effect 
of the er mutation and a major effect of the Ler background on the atrlp10/clv2 phenotype. 
However, we cannot exclude the possibility that the er effect is blocked in Col-0 background. 
 
 
 
Figure 4. The effect of the genetic background on the clv2/atrlp10 phenotype does not depend on the ER 
locus. A, Representative plants of Col-0, atrlp10, er-105 and atrlp10 er-105. B, The average carpel number 
(±SE) of Col-0, er-105, atrlp10 and atrlp10 er-105. 
 
Expression pattern of CLV2 
 
The spatial and temporal expression pattern of CLV2 was elucidated by promoter-GUS 
assays. A fragment spanning from -1067 base pairs upstream of the start codon of the CLV2 
gene was fused to GUS reporter gene and subsequently transformed into Arabidopsis. CLV2 
was found to be expressed broadly in many tissues (Fig. 5). The GUS activity was detected 
preferentially in the shoot apex in the seedlings (Fig. 5C) but also in the rosette leaves (Figs. 
5A, 5C) and pericycle of the root (Fig. 5B). Strong expression of CLV2 was also found in the 
root and lateral root meristem (Figs. 5B, 5D). Overall, CLV2 exhibited a constitutive 
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expression which is in accordance with its basic role in the Arabidopsis meristem and organ 
development (Kayes and Clark, 1998; Wang et al., 2008). 
 
  
 
 
 
 
Figure 5. Expression of CLV2 is 
determined by the PCLV2:GUS assay. 
A, The rosette  leaf. B, The expression 
in the pericycle and at the lateral root 
meristem. C, A 6-day-old seedling. The 
inset indicates the strong GUS staining 
in the SAM. D, The root of an 8-day-old 
seedling. 
 
Subcellular localization of CLV2 
 
To determine the subcellular localization of CLV2, we generated transgenic Arabidopsis 
expressing CLV2 fused to the Green Fluorescent Protein (GFP) under the control of the native 
CLV2 promoter (PCLV2::CLV2-GFP). This translational fusion was able to complement clv2-3 
as shown by restoring the carpel and SAM phenotypes in the transgenic plants that carrying 
PCLV2::CLV2-GFP (Figs. 6A-6F). This indicates that the biological activity of the CLV2-GFP 
fusion protein is comparable to that of the WT CLV2 protein. As the clv2 mutant could be 
complemented by CLV2-GFP fusion protein, CLV2-GFP was expected to be present at WT 
level. However, we could hardly detect any GFP signal in the tissues that we have analysed 
except for the root. In 6-day-old seedlings, we detected a fairly low, but specific expression 
signal in the root apical meristem (Figs. 6H-6I) comparing with WT (Figs. 6J-6K), which is 
consistent with reported microarray data (Fig. 6G) extracted from the public AREX database 
(http://www.arexdb.org, Birnbaum et al., 2003).  
 
DISCUSSION 
 
In this study, we investigated clv2 phenotypes with an additional allele, atrlp10, and ectopic 
expression of the CLV2 gene. Previous studies have demonstrated that mutation of the CLV2 
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Figure 6. Subcellular localization of CLV2 in roots. A-C, Comparison of the silique phenotype of Ler (A), 
clv2-3 (B) and PCLV2::CLV2-GFP (C). D-F, The SAM of 8-day-old seedlings of Ler (D), clv2-3 (E) and 
PCLV2::CLV2-GFP (F). G, Digital analysis showing the expression of CLV2 in different parts of the root tip. 
Data were retrieved from the public AREX microarray database (http://www.arexdb.org, Birnbaum et al., 2003). 
The Y axis represents the expression level. The data are consistent with the expression pattern observed in our 
own confocal analysis. H-K, Root of 6-day-old seedlings of PCLV2::CLV2-GFP transgenic plants (H-I) and WT 
controls (J-K). 
 
gene resulted in an enlargement of the meristem and an increased floral organ number (Kayes 
and Clark, 1998; Wang et al., 2008). Our analysis showed that, in addition to previously 
reported functions, both clv2-3 and rlp10 develop smaller rosette leaves than WT (Fig. 1F). In 
agreement with this finding, CLV2 displays a consistent expression in rosette leaves (Figs. 
5A, 5C). Interestingly, PLL1, PLL4 and PLL5, which belong to a POLTERGEIST (POL) 
LIKE (PLL) gene family of six members, have been shown to regulate leaf development (Yu 
et al., 2000; Yu et al., 2003; Song and Clark, 2005). PLL1, PLL4 and PLL5, like POL, encode 
protein phosphatases. The pol mutant was isolated as a suppressor of clv mutants (Yu et al., 
2000), and thus POL represents a novel candidate regulator of CLV signaling. Although POL 
and PLL1 overlap in the regulation of pedicel and embryo development, leaves of transgenic 
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plants of P35S:PLL1, but not of P35S:POL, were shorter than those of Ler (Song and Clark, 
2005). However, mutation of PLL4 and PLL5 exhibit no detectable phenotype within the 
meristem, but resulting in shorter, more narrow, and more curled leaves in case of pll5-1 and 
longer, wider, and more curled in case of pll4-1, suggesting that PLL4 functions 
antagonistically to PLL5 in leaf development (Song and Clark, 2005). Furthermore, three 
CLV1-related genes BAM1, BAM2, and BAM3 also have a function in leaf development as 
mutations of BAMs causes reduced leaf size and venation (DeYoung et al., 2006). Taken 
together, these results as well as our observations suggest that a CLV-related signaling 
pathway is involved in the regulation of leaf shape and/or size. 
 
As expected, CLV2 is required for perceiving the synthetic CLE peptide (Figs. 2A-2F) in the 
SAM as well as in the root meristem that has been shown previsouly (Fiers et al., 2006). This 
observation suggests that, unlike CLV1, CLV2 functions in both shoot and root meristem and 
that both CLV1 and CLV2 are required for the interaction with CLE peptide in the SAM. 
CRN/SOL2, encoding a membrane-bound receptor kinase without extracellular domain, 
shares many functions with CLV2 and, also based on reported genetic studies, it is anticipated 
that CRN/SOL2 and CLV2 form a functional receptor heterodimer to transmit the CLV3 
signal (Müller et al., 2008; Miwa et al., 2008). However, there is no evidence yet for binding 
of CLV3 to CLV2, whereas binding of CLV3 to CLV1 has been demonstrated recently 
(Ogawa et al., 2008). In addition, the roots of clv2 and crn/sol2 mutants are unaffected upon 
CLE peptide treatment (Fiers et al., 2005; Müller et al., 2008), indicating that stem cell 
maintenance in shoot and root meristems shares common regulators, although the response of 
the crn/sol2 SAM to CLE peptide treatment has not been experimentally tested (Miwa et al., 
2008; Müller et al., 2008).  
 
Over-expression of CLV2 generated multi-carpel plants, indicating a co-suppression of CLV2 
in the transgenic plants as has been reported for FLS2 (Gómez-Gómez et al., 2000), BRI1 
(Schumacher and Chory, 2000) and SRK (Conner et al., 1997; Stahl et al., 1998; Takasaki et 
al., 1999). Co-suppression is accompanied with the generation of siRNAs (Hamliton et al., 
1999) and requires RDR6 and/or SGS (Mourrain et al., 2000). It would be interesting to 
examine whether any siRNA can be produced in the CLV2 transgenic line showing co-
suppression and whether the co-suppression is dependent on RDR6 and/or SGS.  
 
Remarkably, the phenotype of atrlp10 is significantly enhanced by introduction into the Ler 
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background, indicating that the phenotype of clv2 is strongly affected by different genetic 
backgrounds. However, the enhancement of carpel number is likely not dependent on the er 
mutation in Ler ecotype, but on other yet unknown factor(s). Therefore, the variability of the 
clv2 phenotype in different genetic backgrounds suggests that a CLV2-interacting factor co-
occurs that regulates the meristem development processes. One possibility is that an unknown 
AtRLP is involved in meristem development which plays at least a partially redundant role as  
CLV2. CLV2 is a member of a large AtRLP gene family with 57 genes (Fritz-Laylin et al., 
2005; Wang et al., 2008) and the redundancy could be provided by one or more members of 
this family. It is interesting that our results are in line with the observation that different clv1 
alleles in various different ecotypes exhibit significant phenotypic variations (Dievart et al., 
2003). It has been shown that transfer of clv1 alleles from one ecotype to another resulted in 
significant modification of the mutant phenotype, while the strongest clv1 phenotype 
enhancement was observed in crosses with Ler although the er mutation within Ler only 
showed a minor effect on the variability of the clv1 phenotype (Dievart et al., 2003). Natural 
variation affecting plant development had been described previously for BRL1, a member of 
BRI1 family that encodes a functional BR receptor and controls the vascular development 
(Cano-Delgado et al., 2004). The brl1-1 in Ws-2 background shows an increased number of 
phloem cells compared with the WT, while no significant differences were observed between 
the brl1-2 allele and the Col-0 WT (Cano-Delgado et al., 2004). In addition, the sub 
phenotype is ecotype-dependent (Chevalier et al., 2005). Transfer of sub alleles from Ler to 
Col-0 plants resulted in sub plants displaying a greatly reduced mutant phenotype and the 
effect does not depend on the ER locus as is observed in the case of clv2 mutant (Chevalier et 
al., 2005). 
 
Although the PCLV2::CLV2-GFP construct could complement clv2 (Figs. 6A-F), only very low 
fluorescence was detected in the root (Fig. 6I). This indicates that the CLV2 protein is present 
only at very low levels when expressed under the control of its own promoter. Specifically, 
we did not detect a fluorescent signal in the SAM despite the fact that CLV2 plays an import 
role in SAM development (Kayes and Clark, 1998; Jeong et al. 1999). The reason why we did 
not detect any GFP signal in the SAM might be due to the low expression of CLV2-GFP in 
combination with auto-fluorescence. To circumvent those problems and further characterize 
the CLV signaling pathway and the subcellular localization of CLV2, we generated transgenic 
plants carrying 35S::CLV2-GFP ensuring high expression of CLV2 (Chapter 6). 
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MATERIALS and METHODS 
 
Plant materials and growth conditions 
 
Arabidopsis thaliana plants were grown on soil in the greenhouse or on 0.5× Murashige and 
Skoog medium supplemented with 1 % sucrose under either a 8 h of light/16 h of dark regime 
(short-day condition) at 20°C, or a 16h of light/8 h of dark regime (long-day condition) at 
20°C. The mutants atrlp10 (GABI_686A09) in the Col-0 background, clv2-3 in Ler and er-
105 have been described previously (Kayes and Clark, 1998; Shpak et al., 2004; Wang et al., 
2008). The Col-0 and Ler plants were used as WT for all phenotypic analyses. For 
identification of the atrlp10 er-105 double mutant, PCR-based genotyping was conducted as 
described previously (Shpak et al., 2004; Wang et al., 2008). 
 
Total RNA extraction and RT-PCR 
 
Total RNA was isolated from leaves or inflorescences using the Qiagen RNAeasy Kit 
according to the manufacturer’s instructions. Residual genomic DNA contamination was 
removed with RNase-free DNase I and the RNA was further purified according to the 
protocol of the supplier. First strand cDNA was synthesized from 1 µg of DNA-free RNA 
with M-MLV reverse transcriptase at 37°C for 50 minutes. Primers used for RT-PCR were as 
follows: for CLV2/AtRLP10: 5'-GTCTAGCTTGTCAGAATCC-3' (forward) and 5'-
TTAAGAACCACCAATGG-3' (reverse); for AGAMOUS, 5'-GTTGATTTGCATAACGAT 
AACCAGA-3' and 5'-CACTGATACAACATTCATCGGAT-3'; for APETALA1 (AP1), 5'-
GCCGAGAGACAGCTTATTGC-3' and 5'-AAGGATGCTGGATTTGATGC-3'; for 
APETALA2 (AP2), 5'TGTTTGGGCCACTCAAT ATG-3' and 5'-GGTTCTGGTGGAAACG 
AAGA-3'; for WUS, 5'-GTCTGAACTAGCTCTTACGCCGGT-3' and 5'- TAGCCATGTCT 
ATGGATCTATGG-3'; and for CLV1, 5'-CGTGG AAGCTGCAAAGGCTTGTG-3' and 5'-
CCTGGGGTCAACAATCGCAACAAC-3'. The specific primer pair (5'-GCGGTTTTCCCC 
AGTGTTGTTG-3' and 5'-TGCCTGGACCTGCT TCATCATACT-3') for the actin gene was 
used as control. 
 
CLV2-GFP fusion (PCLV2::CLV2-GFP) cloning and complementation 
 
CLV2 was amplified, including a promoter region of 1067-bp upstream of ATG codon, by 
PCR using the primer sets 5'-GGGGACAAGTTTGTACAAAAAAGCAGGCTGCAGAATC  
TGATGCATATGAAC-3' and 5'-GGGGACCACTTTGTACAAGAAAGCTGGGTGAGCTT 
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TGGTCTGAAGAATATA-3'. The PCR fragments were cloned into pDONR207 and 
sequenced. The fragments were subsequently recombined into pARC369 through an LR 
reaction. The resulting construct was introduced into Agrobacterium tumefaciens and 
transformed into clv2-3 mutants and WT plants using the floral dip method (Clough and Bent, 
1998).  
 
Construction of PCLV2:GUS fusion and transgene expression analysis 
 
A fragment containing 1067 bp upstream of the ATG start codon of CLV2 was amplified with 
primers 5'-GGGGACAAGTTTGTACAAAAAAGCAGGCTGCAGAATCTGATGCATATG  
AAC-3' and 5'-GGGGACCACTTTGTACAAGAAAGCTGGGTAGCTCAGAGGAGAAAG 
ATGAAGT-3' and cloned into vector pDONR207. The fragments were subsequently 
recombined into pARC377. The resulting construct was introduced into Arabidopsis wild type 
plants (Col-0) by A. tumefaciens-mediated floral-dip infiltration (Clough and Bent, 1998). 
Seeds from T0 plants were selected on half strength Murashige and Skoog medium containing 
50 mg/liter hygromycin. Hygromycin-resistant plants were transferred to soil and grown in 
the greenhouse under long day conditions. GUS histochemical analyses were performed as 
previously described (Fiers et al., 2004).  
 
Confocal microscopy 
 
Visualization of CLV2-GFP was performed with a Zeiss LSM confocal microscope. The GFP 
fluorescence was excited with a 488-nm argon laser and fluorescence was detected at 500-530 
nm. Images were scanned using a 40× oil objective. 
 
Phenotypic analysis 
 
The carpel number was determined using mature siliques on both ends under a dissection 
microscope. The peptide assay was performed as described (Fiers et al., 2006). For whole-
mount examination, the shoot apices of 8-day-old seedlings were excised with a dissection 
microscope and photographed using a Nikon microscope equipped with Nomarski optics. 
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ABSTRACT 
 
In our genome-wide functional analysis of receptor-like proteins (RLP) in Arabidopsis, one 
mutant was found which produced no homozygous progeny. The T-DNA insertion was 
shown to be locate in AtRLP37 (At3g23110; SALK_012745, atrlp37-1). Examination of the 
siliques of heterozygous atrlp37-1 mutant plants revealed aborted embryos, suggesting that 
the inactivation of this gene might lead to embryonic lethality. However, another T-DNA 
insertion (SALK_041785, atrlp37-2), also in AtRLP37, showed no embryo abortion. To 
clarify the difference between these mutants and to investigate whether AtRLP37 is a 
functional RLP in Arabidopsis embryo development, a complementation and expression study 
was performed. We show that AtRLP37 is not required for embryo development, as both the 
genomic fragment of AtRLP37 (gRLP37) and RLP37-GFP fail to rescue the mutant. 
Consistent with this, AtRLP37 is highly expressed in veins, leaf and flower organs, but not in 
seeds and embryos. Taken together, we conclude that AtRLP37 is not essential for proper 
embryogenesis in Arabidopsis.  
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INTRODUCTION 
 
In flowering plants, embryogenesis is a highly orchestrated process involving cell division, 
differentiation, growth, and pattern formation (Mayer and Jürgens, 1998; Berleth and 
Chatfield, 2002). In this process, asymmetric cell division and the differentiation of 
undifferentiated cells result in tissues and organs. In Arabidopsis thaliana, an initial set of 250 
embryo-defective genes (EMBs) is thought to be required for normal embryo development 
(McElver et al., 2001; Tzafrir et al., 2003; Tzafrir et al., 2004). Based on gene ontology 
analysis, these EMB genes are essential for various processes, including protein synthesis, cell 
growth and signaling, metabolism, transport, transcription, and translation (Tzafrir et al., 
2004). Loss-of-function mutations in these genes lead to defects at various embryo- 
developmental stages. A summary of the phenotypes of emb mutants can be found at 
SeedGenes (www.seedgenes.org; Tzafrir et al., 2003). 
 
Among the 250 EMB genes, ca. 10% are predicted to be directly involved in the signaling 
processes. Interestingly, in many animal signaling processes, including those required for 
embryonic pattern formation, membrane-localized receptors play an important role (Olsson et 
al., 2006; Vivekanand and Rebay, 2006). Therefore, we are interested in the identification of 
membrane-associated receptors, in particular the receptor-like proteins (RLPs), that are 
crucial for Arabidopsis embryogenesis. Only recently, Nodine et al. (2007) provided the first 
example of two membrane-localized receptor-like kinases (RLKs), RECEPTOR-LIKE 
PROTEIN KINASE1 (RPK1) and TOADSTOOL2 (TOAD2), that are redundantly required for 
proper morphogenesis and differentiation of cells along the radial axis and in the basal pole of 
the early Arabidopsis embryo (Nodine et al., 2007). 
 
Our genome-wide functional study in Arabidopsis revealed that 57 genes encoding receptor-
like proteins (RLP) have a high degree of functional redundancy as only very few phenotypic 
alterations were observed in the corresponding T-DNA insertion lines. The T-DNA insertion 
lines that did display developmental phenotypes were those for the reported CLV2/AtRLP10 
(Chapter 2; Chapter 3.1; Kayes and Clark, 1998; Jeong et al., 1999) and TMM/AtRLP17 
(Chapter 2; Yang and Sack, 1995; Nadeau and Sack, 2002). Alternatively, the phenotype of 
the T-DNA insertion mutants is very weak or difficult to detect visually, whereas no other 
suitable biological and biochemical assays were carried out. 
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Many AtRLP genes are expressed in siliques (containing embryos at early stages), in mature 
seeds and at very late developmental stages of the Arabidopsis life cycle (Chapter 2). So far, 
no AtRLP gene required for embryonic pattern formation has been identified. However, in a 
separate phenotypic screen of our T-DNA insertion collection for mutants that caused embryo 
lethality, we identified a possible embryo-lethal mutant (SALK_012745), with a T-DNA 
insertion in AtRLP37, designated atrlp37-1. Subsequently, an additional T-DNA insertion line 
(SALK_041785) was selected for the AtRLP37 gene, designated atrlp37-2. However, unlike 
atrlp37-1, atrlp37-2 did not show an embryo-lethal phenotype. To clarify this inconsistency 
and to determine whether the embryo-lethal phenotype observed in atrlp37-1 is indeed the 
result of a T-DNA insertion in AtRLP37, a genetic complementation and expression study was 
performed. The results of this study are presented in this chapter. 
 
RESULTS and DISCUSSION 
 
Arabidopsis RLP37 is a member of the AtRLP family 
 
AtRLP37 encodes a putative protein of 835 amino acids (AA) that belongs to the Arabidopsis 
RLP family (Chapter 2; Fritz-Laylin et al., 2005). Further investigation of the overall 
structural organization of AtRLP37 revealed several distinct domains (Fig.1A): a signal 
peptide (domain A, AA residues M1-A30), followed by a B domain (AA residues, S31-S107) 
including a predicted transmembrane (TM) region, an LRR domain (domain C1, AA residues, 
L108-D590) resides, an island domain C2 (AA residues, Y591-Q645), a second LRR domain 
(C3, AA residues, I646-S739), a variable region (domain D, AA residues, T740-G764), an 
acidic region (domain E, AA residues, E765-N789), a predicted TM domain (domain F, AA 
residues, W790-T812), and a short cytoplasmic tail (domain G, AA residues, S813-S835). 
Interestingly, like many Arabidopsis RLPs, AtRLP37 has two putative TM domains as 
predicted by TMHMM (http://www.cbs.dtu.dk/services/TMHMM), one at the C-terminus and 
another in the variable N-terminal domain overlapping with the signal peptide (Fig.1A; Fritz-
Laylin et al., 2005; Wang et al., 2008). Most likely the N-terminal TM domain is not a real 
TM, but an artifact derived from the homology-based structure prediction. 
 
Sequence comparison identified two closely related AtRLPs, AtRLP36 (66% identity and 
74% similarity to AtRLP37) and AtRLP38 (66% identity and 75% similarity to AtRLP37) 
(Figs. 1B-1C). Sequence alignment of AtRLP37 with AtRLP36, and AtRLP38 and CLV2 
revealed conserved regions and conserved residues as has been described for the AtRLP 
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Figure 1. Predicted domain structure of AtRLP37 and phylogenetic relationship between AtRLP37 
homologues. A, Predicted domains present in AtRLP37. Domain A: signal peptide. The presence of the 
predicted TM in this region is underlined; domain B: presumed mature N terminus; domain C: leucine-rich 
repeat (LRR) domain subdivided into C1 (main LRR block), C2 (non-LRR island), and C3 (conserved LRR 
domain); domain D: cysteine-rich fragment; domain E: rich in acidic residues; domain F: transmembrane 
domain; domain G: cytoplasmic tail rich in basic residues. The LRR consensus sequence is aligned below the 
full amino acid sequence. Cys pairs flanking the LRRs are shown in bold in domain B and D. The consensus 
residues with a putative β-strand structural motif are underlined. B, Multiple sequence alignment of AtRLP37 
and its most closely related Arabidopsis RLPs, including CLV2. In the alignment the most conserved part 
between C3 to F domain are shown. Sequence alignment performed by Clustal X. Amino acid sequence 
similarity determined by the conservation mode of GeneDoc is indicated by different intensities of shading 
(black for 100% conservation; gray for ≥ 60% conservation). Dashes represent gaps. C, Neighbor-joining tree 
constructed by MEGA (Kumar et al., 2001) based on the truncated alignment shown in B. Bootstrap values for 
100 bootstrap iterations are shown on the corresponding nodes.  
 
family (Fig. 1B; Fritz-Laylin et al., 2005; Wang et al., 2008). The conserved C3-F domains 
were used to construct a phylogenetic tree by the neighbour-joining method (Fig. 1C). The 
clades of the phylogenetic tree clearly support the hypothesis that AtRLP37 and AtRLP38 are 
the result of recent gene duplication, suggesting that tandem duplication contributes to the 
expansion of the AtRLP gene family (Fig. 1B; Fritz-Laylin et al., 2005). 
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Figure 2. Characterization of AtRLP37 mutant alleles. A, Schematic diagram of the T-DNA insertions 
present in the atrlp37-1 and atrlp37-2 mutants. The location of the insertion and alleles are indicated. Lines 
indicate non-coding sequence. Boxes indicate coding sequence with different color boxes representing distinct 
domains. B, RT-PCR analysis of AtRLP37 gene expression in WT and the homozygous insertion mutant 
atrlp37-2. Actin was used as control.  
 
The embryo-lethal phenotype can not be complemented by a genomic fragment of 
AtRLP37 or GFP-tagged AtRLP37 
 
To elucidate the function of AtRLP37, we analyzed two independent T-DNA insertion lines, 
atrlp37-1 (SALK_012745) and atrlp37-2 (SALK_041785). T-DNAs were inserted at different 
positions in the AtRLP37 gene, namely 760-bp and 1216-bp downstream of the putative 
transcription start site, respectively (Fig. 2A). The T-DNA insertion sites were confirmed by 
PCR analysis using a T-DNA left border primer and a gene-specific primer. 
 
Further analysis of atrlp37-1 heterozygous lines yielded a frequency of 25% ± 0.3% lethal 
seeds in agreement with a recessive segregation of the embryos homozygous for the insertion. 
In the selfed progeny of atrlp37-1, 26 of 42 siblings contained T-DNA and 16 did not. The 
assay showed an approximate 2:1 ratio of T-DNA segregation, strongly suggesting that the 
embryo phenotype is tightly linked to the disruption of AtRLP37 function. However, no seed 
abortion was observed in atrlp37-2 (Fig. 3B). The heterozygous plants of the atrlp37-1 
mutant and homozygous plants of atrlp37-2 showed normal WT morphology. 
 
To confirm that the mutation in AtRLP37 is responsible for the phenotype, genetic 
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Figure 3. Transformation of of the atrlp37-1 mutant by a genomic fragment of AtRLP37 and a construct 
encoding GFP-tagged AtRLP37. A, Schematic representation of the two constructs. Top, wild-type genomic 
fragment of AtRLP37 (gRLP37); Below, RLP37-GFP. The native promoter of AtRLP37 is used in both 
constructs indicated by an arrow. B, Comparison of embryo development in WT, atrlp37-1, atrlp37-2 and 
transgenic plants harboring gRLP37 and RLP37-GFP, respectively. Note that the WT silique contains uniformly 
matured green seeds while atrlp37-1 and transgenic lines contain aborted seeds that are indicated by white 
asterisks. 
 
complementation was carried out. A genomic fragment spanning from the –2182 base pairs 
upstream of the ATG until 360 base pairs downstream of the stop codon of AtRLP37 
(gRLP37) was cloned and subsequently transformed into atrlp37-1 heterozygous plants. 
Additionally, the green fluorescent protein (GFP) was fused to AtRLP37 (RLP37-GFP) and 
driven by its endogenous promoter to complement heterozygous plants of atrlp37-1. 
However, both gRLP37 and RLP37-GFP failed to rescue the mutant phenotype of atrlp37-1 
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(Fig. 3), suggesting that the embryo-lethal phenotype observed in atrlp37-1 is not caused by a 
loss of function of AtRLP37.  
 
The reasons that the complementation failed could either be due to the fact that AtRLP37 is 
not required for embryogenesis or that the genomic fragment that we used for 
complementation did not harbour all the genetic components required for correct expression 
of this gene. The later possibility is unlikely given the fact that the phenotype of atrlp37-2 is 
indistinguishable from WT and the atrlp37-2 mutant is likely a loss-of-function allele of 
AtRLP37 (Fig. 2B). Thus, it is likely that a T-DNA insertion in an additional gene in the 
vicinity of AtRLP37 that is tightly linked with atrlp37-1 might have caused the embryo-
lethality phenotype that was observed in atrlp37-1. 
 
Expression of AtRLP37 by PRLP37:GUS assays 
 
We next investigated the temporal and spatial expression pattern of the AtRLP37 gene. To this 
end, a promoter fragment of AtRLP37 was fused to the GUS (β-glucuronidase) gene and 
introduced into Arabidopsis WT plants. Generally, AtRLP37 is ubiquitously expressed in 
leaves, roots, and flowers (Fig. 4). At the seedling stage, PRLP37:GUS is strongly expressed in 
veins of cotyledons, rosette leaves and the vascular tissues of roots (Figs. 4A-4B). A high 
level of GUS activity was detected in the sepals, pedicels and cauline leaves, which is 
consistent with the observation of microarray data (Figs. 4C, 4E-4F). However, GUS activity 
was not detected in any of the stages of embryo development (Fig. 4D). To gain a more 
comprehensive view of AtRLP37 expression, a search in the web-based microarray database 
(GENEVESTIGATOR, Zimmermann et al., 2004; https://www.genevestigator.ethz.ch) was 
initiated. This showed that AtRLP37 is ubiquitously expressed and its expression pattern 
(Figs. 4E-4F) correlated with our GUS data as discussed above (Figs. 4A-4D). Consistent 
with the finding of AtRLP37 is functionally independent from embryogenesis (Fig. 3), 
AtRLP37 exhibit no expression in seeds (Figs. 4E-4F), which is in accordance with the GUS 
expression results (Fig. 4D). The transcript level of AtRLP37 was also low at the late 
reproductive stage (Fig. 4F), during silique ripening and seed formation, and also during seed 
germination (Figs. 4E-4F), which shows that this gene is not required during embryogenesis.  
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Figure 4. Expression profile of AtRLP37 are determined with PRLP37:GUS assays. A-D, Expression of 
AtRLP37 in various plant organs, including a 6-day-old seedling (A), root (B), flower (C) and seeds with two 
cleared embryos (D). Note that no expression of AtRLP37 is detected in seeds and embryos. E-F, Expression of 
AtRLP37 in different organs (E) and various developmental stages (F) as described by Boyes et al. (2001). The 
data used in the figures were retrieved from GENEVESTIGATOR (https://www.genevestigator.ethz.ch; 
Zimmermann et al., 2004).  
 
RLP37-GFP is localized in the plasma membrane 
 
We next determined the subcellular localization of the AtRLP37 protein by introducing the 
construct encoding the RLP37-GFP fusion protein into Arabidopsis. Transgenic plants were 
examined by confocal microscopy. As expected, GFP-tagged AtRLP37 localizes in the   
 
 
 
 
Figure 5. Localization of AtRLP37 as 
determined by the RLP37-GFP fusion. A, 
RLP37-GFP in leaf epidermis. B, The absence of 
GFP fluorescence in embryo. 
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plasma membrane of the leaf epidermis although the GFP signal is weak (Fig. 5A). No GFP 
signal was observed in the counterstained embryos (Fig. 5B), which provides additional 
evidence that AtRLP37 has no function in embryogenesis. The localization of RLP37-GFP in 
the plasma membrane of the leaf epidermis supports the hypothesis that AtRLP37 acts as a 
receptor as has been proposed for CLV2 (Jeong et al., 1999). 
 
MATERIALS and METHODS 
 
Plant materials and growth conditions 
  
All Arabidopsis plants and mutant lines were grown in a greenhouse with a 16 h light (22°C) 
and 8 h dark (18°C) period. The T-DNA insertion alleles, atrlp37-1 and atrlp37-2 were 
obtained from SALK (http://signal.salk.edu, Alonso et al., 2003) and have been identified 
previously (Chapter 2). 
 
Phenotypic analysis 
 
Siliques of mutants with T-DNA insertions in the AtRLP genes were evaluated with a 
dissection microscope to score the abnormal seeds. Furthermore, ovules of different 
developmental stages were collected, dissected and cleared with a clearing solution and 
observed using DIC optics. The images were recorded with a Leica digital camera. 
 
Complementation 
 
For complementation, a 5050-bp AtRLP37 genomic fragment was used (gRLP37), starting 
2182 bp upstream of the ATG start codon until 360 bp downstream of the TAG stop codon. 
This fragment was amplified using primer pair 5'-GGGGACAAGTTTGTACAAAAAAGCA 
GGCTCGTACACTGAATGGAAACTCTG-3' and 5'-GGGGACCACTTTGTACAAGAAAG 
CTTCCGTGAGATTTTCAGGTCAGAG-3'. The fragment was cloned into pDONR207 and 
then recombined into pKGW. To clone RLP37-GFP, the coding region and the endogenous 
promoter of AtRLP37 was amplified by primers 5'-GGGGACAAGTTTGTACAAAAAAGC 
AGGCTACCACATGATCGGAATAACCGC-3' and 5'-GGGGACCACTTTGTACAAGAA 
AGCTGGGTGAGAAGTACCTATGGTGGTTT-3'. The resulting PCR fragment was cloned 
into pDONR207 and subsequently recombined into pARC369. All PCR amplifications were 
perfomed with the use of Pfu DNA polymerase (Stratagene) following the protocol of the 
manufacturer. The atrlp37-1 heterozygous plants were transformed with gRLP37 and RLP37-
GFP by the floral dip method (Clough and Bent, 1998) using Argobacterium tumefaciens 
Chapter 3.2                                                                        
 
     112 
strain C58C1. Siliques of transgenic plants were examined for absence of the seed abortion 
phenotype in order to prove possible restoration of embryo-lethality to WT. The genotypes of 
transgenic plants were determined as described in Chapter 2. 
 
Construction of PRLP37:GUS fusion and transgene expression analysis 
 
A fragment containing 2182 bp upstream of the ATG start codon of AtRLP37 was amplified 
and cloned into vector into pDONR207 and then recombined into pARC377. The resulting 
construct was introduced into Arabidopsis wild type plants by Agrobacterium-mediated 
floral-dip infiltration. Transgenic plants were selected on hygromycin-containing plates. GUS 
histochemical analysis was performed as previously described (Fiers et al., 2004). Total RNA 
from the homozygous mutant of atrlp37-2 was isolated and cDNA was synthesized using M-
MLV reverse transcriptase. The primers 5'-TCCACGATTTCTGCTGACCTTAGT-3' and 5'-
ATCCCAACATTGAGCCATCCAT-3' were used to for RT-PCR. The Actin gene was used 
as a control, using primers 5'-GCGGTTTTCCCCAGTGTTGTTG-3' and 5'-TGCCTGGACC 
TGCTTCATCAT ACT-3'. 
 
Localization of the AtRLP37 protein 
 
Visualization of GFP-tagged AtRLP37 was performed with a Zeiss LSM confocal 
microscope. RLP37-GFP fluorescence was excited with a 488-nm argon laser and 
fluorescence was detected at 500-530 nm. The images were scanned using a 40× oil objective. 
To get better visualization, the embryos were stained with 10 µg/ml propidium iodide. 
 
ACKNOWLEDGMENTS 
 
We are grateful to Dr. Chun-Ming Liu for helpful discussions and suggestions. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
AtRLP37 is not required for Arabidopsis embryogenesis 
 
 113 
 
REFERENCES 
 
Alonso, J.M., et al. (2003). Genome-wide insertional mutagenesis of Arabidopsis thaliana. Science 
301: 653-657 
 
Berleth, T., and Chatfield, S. (2002). Embryogenesis: Pattern formation from a single cell. In The 
Arabidopsis Book, Somerville, C.R. and Meyerowitz, E.M. eds. Rockville, MD: American Society of 
Plant Biologists. doi/10.1199/tab.0051 http://www.aspb.org/publications/arabidopsis 
 
Clough, S.J., and Bent, A.F. (1998). Floral dip: a simplified method for Agrobacterium-mediated 
transformation of Arabidopsis thaliana. Plant J. 16: 735-743 
 
Fiers, M., Hause, G., Boutilier, K., Casamitjana-Martinez, E., Weijers, D., Offringa, D., van der 
Geest, L., van Lookeren Campagne, M., and Liu, C.M. (2004). Mis-expression of the CLV3/ESR-like 
gene CLE19 in Arabidopsis leads to a consumption of root meristem. Gene 327: 37-49 
 
Fritz-Laylin, L.K., Krishnamurthy, N., Tor, M., Sjolander, K.V., and Jones, J.D. (2005). 
Phylogenomic analysis of the receptor-like proteins of rice and Arabidopsis. Plant Physiol. 138: 611-
623 
 
Jeong, S., Trotochaud, A.E., and Clark, E. (1999). The Arabidopsis CLAVATA2 gene encodes a 
receptor-like protein required for the stability of the CLAVATA1 receptor-like kinase. Plant Cell 11: 
1925-1933 
 
Kayes, J.M., and Clark, S.E. (1998). CLAVATA2, a regulator of meristem and organ development in 
Arabidopsis. Development 125: 3843-3851 
 
Mayer, U., and Jürgens, G. (1998). Pattern formation in plant embryogenesis: A reassessment. 
Semin. Cell Dev. Biol. 9: 187-193 
 
McElver, J., et al. (2001). Insertional mutagenesis of genes required for seed development in 
Arabidopsis thaliana. Genetics 159: 1751-1763 
 
Nadeau, J.A., and Sack, F.D. (2002). Control of stomatal distribution on the Arabidopsis leaf surface. 
Science 296: 1697-1700 
 
Nodine, M.D., Yadegari R., and Tax, F.E. (2007). RPK1 and TOAD2 are two receptor-like kinases 
redundantly required for Arabidopsis embryonic pattern formation. Dev. Cell 12: 943-956 
 
Olsson, A.K., Dimberg, A., Kreuger J., and Claesson-Welsh, L. (2006). VEGF receptor signalling-in 
control of vascular function. Nat. Rev. Mol. Cell Biol. 7: 359-371 
 
Tzafrir, I., Dickerman, A., Brazhnik, O., Nguyen, Q., McElver, J., Frye, C., Patton, D., and Meinke, 
D. (2003). The Arabidopsis SeedGenes project. Nucleic Acids Res. 31: 90-93 
 
Tzafrir, I., Pena-Muralla, R., Dicherman, A., Berg, M., Rogers, R., Hutchens, S., Sweeney, T.C., 
McElver, J., Aux, G., Patton, D., and Meinke, D. (2004). Identification of genes required for embryo 
development in Arabidopsis. Plant Physiol. 135: 1206-1220 
 
Vivekanand P., and Rebay, I. (2006). Intersection of signal transduction pathways and development. 
Annu. Rev. Genet. 40: 139-157 
 
Wang, G., Ellendorff, U., Kemp, B., Mansfield, J.W., Forsyth, A., Mitchell, K., Bastas, K., Liu, 
C.M., Woods-Tor, E., Zipfel, C., de Wit, P.J.G.M., Jones, J.D.G., Mahmut, T., and Thomma, 
B.P.H.J. (2008). A genome-wide functional investigation into the roles of receptor-like proteins in 
Arabidopsis. Plant Physiol. 147: 503-517 
 
Chapter 3.2                                                                        
 
     114 
Yang, M., and Sack, F.D. (1995). The too many mouths and four lips mutations affect stomatal 
production in Arabidopsis. Plant Cell 7: 2227-2239 
 
Zimmermann, P., Hirsch-Hoffmann, M., Hennig, L., and Gruissem, W. (2004). 
GENEVESTIGATOR: Arabidopsis microarray database and analysis toolbox. Plant Physiol. 136: 
2621-2632 
  
 
Chapter 4 
 
Identification and functional analyses of 
equivalents of CLV2, and domains that 
contribute to CLV2 specificity 
 
 
Guodong Wang1, Yuchen Long1,2, Bart Thomma3, Pierre de Wit3, Gerco Angenent1, 
Martijn Fiers1 
 
1 Plant Research International, B.V., Business Unit Bioscience, P.O. Box 16, 6700 AA 
Wageningen, The Netherlands 
2 Hogeschool van Arnhem en Nijmegen, Kapittelweg 33, 6525 EN, Nijmegen, The 
Netherlands 
3 Laboratory of Phytopathology, Wageningen University, Binnenhaven 5, 6709 PD 
Wageningen, The Netherlands 
 
 
 
 
 
 
 
 
 
 
Chapter 4 
 
 116
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  Functional analyses of CLV2 equivalents and domains 
 117 
 
ABSTRACT 
 
The Arabidopsis thaliana CLAVATA2 (CLV2) gene encodes a leucine-rich repeat receptor-
like protein (RLP) that is involved in restricting the stem cell number in the shoot apical 
meristem. Our previous genome-wide functional analysis of 57 Arabidopsis RLP (AtRLP) 
genes revealed only few phenotypes for mutant alleles, despite screening a wide range of 
growth and developmental stages, and assaying sensitivity to various stress responses 
including susceptibility toward pathogens. To gain further insight into the biological role of 
AtRLPs, in particular of CLV2-related AtRLP genes, we tested their ability to complement the 
clv2 mutant phenotype. We found that out of four CLV2 homologues tested, AtRLP2 and 
AtRLP12 could functionally complement the clv2 mutant when expressed under the control of 
the CLV2 promoter. This indicates that the functional specificity of the three genes is 
determined at the level of their transcriptional regulation. Single and double mutants with 
impaired AtRLP2 and/or AtRLP12 did not show an aberrant phenotype, suggesting that other 
genes are redundant with these CLV2-like genes. To understand which protein domains are 
essential for CLV2 function and which parts are interchangeable between related CLV2-like 
proteins, we performed domain-deletion and domain-swap experiments. These experiments 
revealed that CLV2 can still function without the island domain whereas the C1 and C3 
region of the LRR domain are essential. Analysis of domain-swap constructs showed that the 
C3-F region of CLV2 can be replaced by that of AtRLP38. This suggests that the C3-F region 
is conserved among related AtRLP members, whereas the C1 domain may determine the 
functional specificity of CLV2. 
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INTRODUCTION 
 
Receptor-like proteins (RLPs) are cell surface receptors that typically consist of an 
extracellular leucine-rich repeat (eLRR) domain, a transmembrane domain and a short 
cytoplasmic tail that lacks obvious intracellular signal transduction domains apart from the 
putative endocytosis motif found in some members (Jones and Jones, 1997; Shiu and 
Bleecker, 2001; Kruijt et al., 2005; Wang et al., 2008). The first identified RLP gene was 
tomato (Solanum lycopersicum) Cf-9, a disease resistance gene that mediates resistance 
against strains of the fungal leaf mold pathogen Cladosporium fulvum that carry the 
avirulence gene Avr9 (Jones et al., 1994). Presently, the RLP disease resistance gene family 
comprises the tomato Cf and Ve genes that provide resistance against C. fulvum and 
Verticillium spp., respectively, the LeEIX genes that encode receptors for the ethylene 
inducible xylanase produced by Trichoderma biocontrol fungi, apple HcrVf genes that confer 
resistance to the scab fungus Venturia inaequalis, and an Arabidopsis RLP gene (AtRLP52) 
that provides resistance against the powdery mildew pathogen Erysiphe cichoracearum 
(Kawchuk et al., 2001; Belfanti et al., 2004; Ron and Avni, 2004; Ramonell et al., 2005; 
Thomma et al., 2005; Fradin and Thomma, 2006; Malnoy et al., 2008). Furthermore, we 
recently demonstrated that Arabidopsis AtRLP30, and possibly AtRLP18, mediate non-host 
resistance towards Pseudomonas syringae pv. phaseolicola (Wang et al., 2008). 
 
In addition to defense against pathogens, AtRLP genes also play a role in plant development. 
The developmental AtRLP genes comprise Arabidopsis TOO MANY MOUTHS (TMM; 
AtRLP17) which regulates stomatal distribution by controlling meristemoid formation as well 
as initiation of stomatal precursor cells (Yang and Sack, 1995; Nadeau and Sack, 2002). 
However, the best studied developmental RLP gene is the Arabidopsis CLAVATA2 (CLV2; 
AtRLP10) gene that, like its maize ortholog FASCIATED EAR2 (FEA2), was found to be 
required for proper meristem development, stem cell specification and organogenesis (Kayes 
and Clark, 1998; Jeong et al., 1999; Taguchi-Shiobara et al., 2001).  
 
In addition to CLV2, the CLV receptor complex was proposed to contain the receptor-like 
kinase (RLK) CLV1 (Clark et al., 1997; Trotochaud et al., 1999). RLKs are cell surface 
receptors that differ from RLPs because they contain a cytoplasmic kinase domain (Shiu and 
Bleecker, 2001). It has been proposed that CLV1 and CLV2 undergo a physical interaction to 
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form a heterodimer that acts as receptor for the extracellular peptide ligand CLV3 (Clark et al., 
1995; Trotochaud et al., 1999; Rojo et al., 2002; Ogawa et al., 2008). Upon CLV3 perception 
by the ectodomain (Ogawa et al., 2008), the kinase domain of CLV1 is thought to be activated 
in order to repress expression of the stem cell-promoting transcription factor WUSCHEL 
(WUS, Lenhard and Laux, 2003) and thus initiate the downstream signalling that is required to 
maintain the stem cell population (Rojo et al., 2002; Dievart and Clark, 2004). Like CLV2, 
loss-of-function of CLV1 and CLV3 causes the progressive accumulation of undifferentiated 
stem cells, resulting in enlarged meristems and increased floral organ numbers (Clark et al, 
1993; Clark et al, 1995; Kayes and Clark, 1998). Furthermore, it was recently shown that 
CLV2 acts together with the receptor kinase CORYNE (CRN), in parallel with CLV1, to 
perceive CLV3 (Müller et al., 2008). CRN is identical to Suppressor of Overexpression of 
LLP1-2 (SOL2), and loss-of-function of SOL2 suppresses a short root phenotype of transgenic 
plants constitutively overexpressing the CLE19 gene (Casamitjana-Martínez et al. 2003, Miwa 
et al., 2008). Since the CRN protein lacks a distinct extracellular domain, it was proposed that 
CRN and CLV2 interact via their transmembrane domains to establish a functional receptor. 
Mutations in CRN cause stem cell proliferation, similar to clv1, clv2, and clv3 mutants. 
However, CRN also shares additional functions during plant development with CLV2 
including floral organ and root development (Müller et al., 2008, Miwa et al., 2008). 
 
Typically, the amino acid sequence of RLPs has been divided into the conserved domains A 
through G, with a putative signal peptide (A), a cysteine-rich region (B), the eLRR domain (C) 
which is composed of two LRR regions (C1 and C3) that are separated by a non-LRR island 
domain (C2), a cysteine-rich spacer region (D),  an acidic region (E), the transmembrane 
domain (F), and a short cytoplasmic tail (G) (Jones and Jones, 1997). The eLRR domain, 
which is also found in the extracellular domain of RLKs, is proposed to play a versatile role in 
binding of ligands that can either be self (in development) or non-self (in pathogen resistance) 
molecules (Jones and Jones, 1997; Kobe and Kajava, 2001; Dievart and Clark, 2004; 
Enkhbayar et al., 2004; Matsubayashi et al., 2002; Torri, 2004). Especially for the tomato Cf 
resistance proteins, extensive functional analysis of subdomains has been carried out. 
Domain-swaps experiments between the tomato resistance proteins Cf-4 and Cf-9 revealed 
that recognition specificity resides in a number of residues at the solvent exposed beta-sheet of 
several distant LRRs in the C1 domain, as well as in the number of LRRs (van der Hoorn et 
al., 2001; Wulff et al., 2001). Furthermore, conserved Trp and Cys pairs in the N-terminal 
Chapter 4 
 
 120
LRR-flanking domain that are exposed at the putative concave inner surface of the Cf-9 
protein, where also recognition specificity resides, were found to be important for Cf-9. 
Finally, many of the 22 putative N-linked glycosylation sites, especially those in the putative 
alpha-helices of the LRR modules, were found to contribute to Cf-9 activity (van der Hoorn et 
al., 2005). Several domain swap experiments in which Cf-2/Cf-5 and Cf-2/Cf-9 chimeras 
were generated confirmed that recognition specificity resides in the C1 LRR domain (Seear 
and Dixon, 2003; Rivas et al., 2004). 
 
Functional analysis of extracellular receptor domains has also been carried out using RLKs. 
The minimal hormone binding domain for brassinosteroid hormones by Arabidopsis 
BRASSINOSTEROID INSENSITIVE 1 (BRI1) comprises the 70 amino acid island domain 
(C2) and the carboxy-terminal flanking LRR22 (Kinoshita et al., 2005). Finally, with a 
targeted Ala-scanning mutagenesis approach it was demonstrated that flagellin perception in 
Arabidopsis is dependent on a limited number of residues across LRR9 to 15 in the C1 
domain of the RLK FLAGELLIN-SENSITIVE 2 (FLS2) that binds bacterial flagellin 
(Dunning et al., 2007). 
 
We have recently identified 57 RLPs in the Arabidopsis genome (AtRLPs) and reported on a 
genome-wide functional analysis of this gene family (Wang et al., 2008). Despite extensive 
analyses, only few functions could be assigned to individual AtRLP members. It was 
suggested that the identification of roles for AtRLP genes was obscured by functional 
redundancy among gene family members (Wang et al., 2008). Nevertheless, also an approach 
in which the expression of specific sets of multiple AtRLP genes was targeted by RNA 
interference failed to uncover new biological functions of AtRLP genes (Ellendorff et al., 
2008). To specifically investigate the role of functional redundancy among AtRLP genes, we 
studied the functionally characterized CLV2 gene and its closest homologs, showing that two 
AtRLPs, AtRLP2 and AtRLP12 can restore CLV2 function in clv2 mutants. Information about 
which domains of CLV2, and of its related homologs, are responsible for functionality and 
specificity is largely missing. Therefore, a functional characterization of the CLV2 protein is 
performed by deletion analyses and domain-swaps between CLV2 and a related RLP, 
AtRLP38. Our data indicate that the specialization among CLV2, AtRLP2 and AtRLP12 is 
largely ascribed to the difference in expression patterns and that the island domain of CLV2 is 
dispensable for its function and CLV2 C3-F could be replaced by that of AtRLP38. 
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RESULTS 
 
Identification of the CLV2 subfamily 
 
In order to identify the AtRLPs that are the most related to CLV2 (AtRLP10), the sequence 
similarity of the 56 remaining AtRLPs (Wang et al., 2008) with CLV2 was determined. 
Although the AtRLPs have low overall sequence similarity (Fritz-Laylin et al., 2005; Wang et 
al., 2008), domains C3 and D are the most conserved. For all AtRLPs that have a similar 
 
 
 
Figure 1. Sequence characterization of the Arabidopsis CLV2 subfamily. A, Phylogenetic tree of putative 
members of the CLV2 subfamily and FEA2, the maize ortholog of CLV2. The tree was constructed with MEGA 
4 for 100 bootstrap repetitions and the numbers at the nodes indicate the bootstrap support. B, Domain 
organizations of CLV2-like AtRLPs as predicted by SMART/Pfam. C, Amino acid sequence alignment of the 
C3-D domains of CLV2 and its subfamily members, generated by Clustal X. 
 
length (700-880 amino acids) and LRR number (19-25 LRRs) as CLV2, we selected the C3 to 
D region for sequence alignment and constructed a phylogenetic tree to identify CLV2-related 
AtRLPs (Fig. 1). In this way, eight CLV2-like RLPs, namely AtRLP2, AtRLP3, AtRLP11, 
AtRLP12, AtRLP30, AtRLP31, AtRLP37 and AtRLP38 were identified (Fig. 1A). Four 
closely related protein pairs can be discriminated in the tree, namely AtRLP2 and AtRLP3, 
AtRLP11 and AtRLP12, AtRLP30 and AtRLP31, and AtRLP37 and AtRLP38, which, in all 
cases, are encoded by neighboring genes. It has previously been shown that of  
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Figure 2. AtRLP2 and AtRLP12 complement the clv2-3 mutant. A, Average number of carpels per flower for 
multiple independent transgenic lines of PCLV2:AtRLP2, PCLV2:AtRLP12, PCLV2:AtRLP30, PCLV2:AtRLP38, 
PCLV2:TMM and PCLV2:Cf-9, the wild-type Ler and the clv2-3 mutant. B, Representative siliques of wild-type Ler, 
clv2-3, PCLV2:AtRLP2, PCLV2:AtRLP12, PCLV2:AtRLP30, PCLV2:AtRLP38, PCLV2:TMM and PCLV2:Cf-9 plants. C, 
Representative inflorescences of 3-week-old Ler, clv2-3, PCLV2:AtRLP2, and PCLV2:AtRLP12. D, Expression 
analyses of AtRLP2, AtRLP12 and CLV2 in shoot apex. The X-axis indicates tissue types. 1, vegetative shoot 
apex and young leaves; 2, vegetative shoot apex; 3, shoot apex in transition to bolting; 4, shoot apex, 
inflorescence (after bolting). The data were retrieved from the public AtGenExpress microarray database 
(Schmid et al., 2005). 
 
the 57 AtRLPs, 45 are predicted to contain a C2 island domain nested in between two eLRR 
blocks (C1 and C3) (Wang et al., 2008). All eight CLV2-like AtRLPs carry an island domain 
that is variable in length and is followed by a C3 LRR domain of four LRRs (Fig. 1B). At the 
amino acid level, the eight CLV2-like RLPs exhibit a variable degree of conservation, ranging 
from 27% to 67% identity for the full-length proteins, and 33% to 83% identity for the 
conserved part throughout C3 to D domain (Fig. 1C). 
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Interestingly, AtRLP2 and AtRLP3 are closely related to the CLV2/FEA2 subclade (Fig. 1A), 
leading to the hypothesis that especially those AtRLPs may have biochemical functions that 
are related to CLV2. One of the eight CLV2-like AtRLPs, AtRLP30, has recently been 
reported to play a role in non-host resistance against Pseudomonas syringae pv phaseolicola 
(Psp) (Wang et al., 2008). No functions have been assigned yet to the other seven CLV2-like 
AtRLPs (Wang et al., 2008; Ellendorff et al., 2008). 
 
AtRLP2 and AtRLP12 complement the clv2 mutant when expressed under the control of 
the CLV2 promoter 
 
In order to test whether some of the eight CLV2-like AtRLP genes are functionally equivalent 
to CLV2, the ability of the CLV2-like AtRLPs to restore the phenotype of clv2 mutants was 
examined. To this end, constructs were generated to express four selected AtRLPs AtRLP2, 
AtRLP12, AtRLP30, AtRLP38 under the control of the CLV2 promoter (PCLV2). As a control, 
similar constructs were made for CLV2 and the functionally characterized RLPs TMM and 
tomato Cf-9. All constructs were used to transform the clv2-3 mutant in the Ler genetic 
background (Kayes and Clark, 1998). A minimum of 20 transformants for each construct 
were examined for complementation of the clv2-3 mutant phenotype by analysis of their 
carpel numbers. As expected, transformation of the construct containing wild-type CLV2 
resulted in full complementation of clv2-3 as has been shown previously (Wang et al., 2008). 
Intriguingly, also AtRLP2 and AtRLP12 were able to fully rescue the clv2-3 mutant, with a 
mean carpel number that is comparable to the wild-type carpel number (Table 1; Figs. 2A-2C). 
However, transformants expressing AtRLP30, AtRLP38, Cf-9 and TMM driven by the CLV2 
promoter showed no restoration of the carpel number phenotype (Table 1; Figs. 2A-2B). 
 
Although AtRLP2 and AtRLP12 are capable to rescue the phenotype of clv2-3 mutants when 
expressed under the control of the CLV2 promoter, atrlp2 and atrlp12 mutants do not show 
enlarged meristems or multi-carpel phenotype themselves (Wang et al., 2008). Therefore, we 
examined the expression patterns of AtRLP2, AtRLP12 and CLV2 in the shoot apical meristem 
by querying publicly available microarray data (Fig. 2D). Very little expression of AtRLP2 
and AtRLP12 was detected in the shoot apex, while CLV2 was found to be highly expressed 
(Fig. 2D). We subsequently overexpressed AtRLP2 and AtRLP12 under the control of the 
CaMV 35S promoter in wild-type Arabidopsis. The overall growth and appearance of  
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Figure 3. Phenotypic analysis of double 
mutants. A, The mean number of carpels per 
flower (±SE) from plants grown under long-day 
conditions (white bars) and short-day conditions 
(black bars) of the double mutants of atrlp2 
atrlp12, atrlp2 atrlp10 and atrlp12 atrlp10 with 
wild-types Col-0, Ler, clv2-3 and atrlp10 as 
controls. B-C, Representative siliques of Col-0, 
Ler, clv2-3, atrlp10, atrlp2, atrlp12, atrlp2 
atrlp12, atrlp2 atrlp10 and atrlp12 atrlp10 
plants grown under long-day (B) and short-day 
(C) conditions. D-E, CLE peptide sensitivity 
assay in which CLV3p peptide was added at a 
concentration of 10 µM. Eight-day-old 
seedlings grown in the absence (D) and in the 
presence (E) of CLV3p peptide are shown. 
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Table 1. Carpel numbers of various mutants and transgenic lines generated in this study. 
 
Genotype Construct Day length Carpel number (±SE) 
clv2-3 PCLV2:CLV2 Long days 2.05±0.09 
clv2-3 PCLV2:AtRLP2 Long days 2.04±0.20 
clv2-3 PCLV2:AtRLP12 Long days 2.06±0.20 
clv2-3 PCLV2:AtRLP30 Long days 3.60±0.36 
clv2-3 PCLV2:AtRLP38 Long days 3.62±0.32 
clv2-3 PCLV2:TMM Long days 3.61±0.32 
clv2-3 PCLV2:Cf-9 Long days 3.59±0.35 
clv2-3 Deletion construct ∆1  Long days 2.06±0.28 
clv2-3 Deletion construct ∆2 Long days 3.86±0.46 
clv2-3 Deletion construct ∆3 Long days 3.75±0.52 
clv2-3 Deletion construct ∆4 Long days 4.03±0.41 
clv2-3 PCLV2:CLV2RLP38-I Long days 3.86±0.46 
clv2-3 PCLV2:CLV2RLP38-II Long days 2.10±0.21 
clv2-3 PCLV2:CLV2RLP38-III Long days 3.85±0.40 
clv2-3 PCLV2:CLV2RLP38-IV Long days 3.92±0.32 
clv2-3 PCLV2:CLV2RLP38-V Long days 3.95±0.22 
clv2-3 - Long days 3.98±0.28 
atrlp10 - Long days 2.65±0.65 
atrlp2 atrlp10 - Long days 2.66±0.60 
atrlp2 atrlp12 - Long days 2.00±0.00 
atrlp12 atrlp10 - Long days 2.52±0.69 
clv2-3 - Short days 2.28±0.21 
atrlp10 - Short days 2.05±0.15 
atrlp2 atrlp10 - Short days 2.02±0.10 
atrlp2 atrlp12 - Short days 2.00±0.00 
atrlp12 atrlp10 - Short days 2.02±0.16 
 
AtRLP2- and AtRLP12-overexpressing plants were indistinguishable from wild-type plants 
grown under normal growth conditions (data not shown). 
 
Characterization of the atrlp2, atrlp12 and clv2/atrlp10 mutant combinations 
 
To reveal possible overlapping functions among AtRLP2, AtRLP12 and CLV2 (AtRLP10), 
we generated combinations of double mutations for these genes; atrlp2 atrlp10, atrlp12 
atrlp10 and atrlp2 atrlp12. The genotypes of the double mutants were determined by PCR 
using gene-specific primer pairs, and a combination of T-DNA and gene-specific primers as 
described previously (Wang et al., 2008). In a recent study, we characterized a new clv2 allele 
in the Col-0 ecotype, atrlp10, which exhibited similar phenotypes as reported for previously 
characterized clv2 alleles that are in the Ler ecotype (Kayes and Clark, 1998; Jeong et al. 
1999; Wang et al., 2008). To avoid background effects, we crossed the atrlp2 and atrlp12 
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mutants with the atrlp10 mutant (all in the Col-0 background) to generate the double mutants. 
In addition to the carpel number, also the response of the double mutants to treatment with a 
synthetic CLV3p peptide that corresponds to the conserved CLE motif that is present in 
CLV3-like peptide ligands (Fiers et al., 2005) was tested. Similar to wild-type plants and 
single mutant lines, atrlp2 atrlp12 double mutants did not show altered phenotypes with 
respect to either carpel number or CLE-peptide treatment (Figs. 3A; 3C-3E). The carpel 
numbers of the double mutants that contained atrlp10 (atrlp2 atrlp10 and atrlp12 atrlp10) 
were similar to those of atrlp10 (Table 1; Figs. 3A-3C). Furthermore, atrlp2 atrlp10 and 
atrlp12 atrlp10 double mutants failed respond to treatment with the CLE peptides, resulting in 
a long root phenotype (Figs. 3D-3E), as is also the case for atrlp10 single mutants. 
 
It has been proposed that a yet unidentified RLP protein is able to functionally compensate 
the activity of CLV2 on the fact that the floral meristem defects of the clv2 mutant is 
suppressed under short-day (SD) condition (Kayes and Clark, 1998). Therefore, we tested 
whether the atrlp2 atrlp10 and atrlp12 atrlp10 double mutants developed additional floral 
organs under short day conditions. For all mutants, the carpel number decreased to values 
similar to those of wild-type plants (Table 1; Figs. 3B-3C). 
 
Deletion analysis of the CLV2 protein 
 
The structure of RLP proteins is composed of distinct domains throughout A to G. (Jones and 
Jones, 1997). To test the contribution of various domains to CLV2 function, four deletion 
constructs were designed in which different domains of CLV2 were removed (Fig. 4A; 
constructs ∆1–∆4) based on the CLV2 protein organization. In the ∆1 construct, the C2 
domain (the island domain) was removed while in the ∆2 construct LRR18 to LRR21, which 
compose the C3 domain, was removed. In the ∆3 construct, both the C2 and C3 domains were 
removed, while in the ∆4 construct the C1 LRR domain (LRR1 to LRR17) was removed (Fig. 
4A). All mutant CLV2 genes, driven by the CLV2 promoter, were transformed to the clv2-3 
mutant to test their functionality. RT-PCR analysis of multiple transgenic plants demonstrated 
the expression of the corresponding transgenes (Fig. S1). Subsequently, a minimum of 25 
transformants for each construct were examined for complementation of the clv2-3 mutant 
phenotypes by analysis of the carpel numbers. As expected, PCLV2:CLV2 provided a complete 
rescue of the clv2-3 mutant with an average of around two carpels per flower (Figs. 4B-4C). 
Interestingly, also the deletion construct ∆1 fully complemented the clv2-3 mutant 
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Figure 4. CLV2 deletion analysis. A, Schematic representation of the PCLV2:CLV2 and four deletion constructs 
(∆1-∆4) that were generated by removing the genomic sequence of C2 island domain (∆1), the genomic 
sequence of LRR18-21 that compose the C3 domain (∆2), the genomic sequence of both the C2 and C3 domains 
(∆3), or the genomic sequence of LRR1-17 that compose the C1 domain (∆4). Lines indicate non-coding 
sequence. Boxes indicate coding sequence. B, The mean number of carpels per flower (±SE) of transgenic clv2-3 
plants expressing the different constructs. The Ler and the clv2-3 mutant were used as controls. C, Inflorescence 
of wild type (Ler), clv2-3 and transgenic clv2-3 expressing the different constructs. 
 
(Table 1; Figs. 4B-4C). In contrast, deletion constructs ∆2, ∆3 and ∆4 could not complement 
the clv2-3 mutant (Table 1; Figs. 4B-4C). 
 
The C3-F region of CLV2 can be replaced by that of AtRLP38 
  
AtRLP38 encodes one of the eight CLV2-like AtRLP that shares 42% overall sequence 
similarity and 28% identity with CLV2 (Wang et al., 2008; Figs. 5; S2). While AtRLP38 
contains 22 LRRs, CLV2 contains 21 LRRs (Figs. 1; 5). As has been noted previously for 
other AtRLPs, sequence alignment of CLV2 and AtRLP38 revealed that the similarity is 
slightly higher in the C3 LRR domain and the C-terminal region (Figs. S2) and most variation 
is found in the N-terminal part of the C1 LRR domain. AtRLP38 cannot complement the clv2-
3 mutation when its expression is driven by the CLV2 promoter, suggesting that both AtRLPs 
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Figure 5. Comparison of primary structure and domain composition of the CLV2 and AtRLP38 proteins. 
A-B, The domain composition of CLV2 (A) and AtRLP38 (B) from A to G is determined by bioinformatics 
approaches (Wang et al., 2008). The LRR motifs are numbered and the consensus LRR sequence is shown below 
the full sequence. The C region is divided into C1 (N-terminal LRR block), C2 (island region), and C3 (C-
terminal LRR block). The C3-F region is highly conserved between CLV2 and AtRLP38. The Cys pairs flanking 
the LRRs (domains C1 and C3) are shown in bold and underlined. The LRR motif is highlighted in bold across 
the full sequences for both CLV2 and AtRLP38. 
 
have a distinct function (Figs. 2A-2B). To further determine the requirement for individual 
CLV2 domains in regulating meristem development, we generated several chimeras between 
CLV2 and AtRLP38 (Fig. 6), expression of which are driven by the the CLV2 promoter in 
clv2-3. Of these, only PCLV2:CLV2RLP38-II could complement the clv2-3 mutant phenotype 
as shown by restoration of wild-type carpel numbers (Table 1; Fig. 7). In this chimera, 
domain A to C2, including the large LRR region of the C1 domain and the island domain, 
were derived from CLV2, while the C3 to F domains including the cytoplasmic tail, were 
derived from AtRLP38 (Fig. 6). Despite swapping the N-terminal domain of the CLV2 
protein with the N-terminal domain of AtRLP38, the protein retained the CLV2 biochemical  
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Figure 6. Domain swap analyses of CLV2 and AtRLP38. Schematic representation of the diverse chimeric 
proteins: CLV2RLP38-I, CLV2RLP38-II, CLV2RLP38-III, CLV2RLP38-IV and CLV2RLP38-V. The structure of 
various constructs is shown by different colors representing the distinct domains of the proteins. The junction 
between CLV2 and RLP38 in each chimeric construct is indicated by an open triangle. These constructs are 
driven by the CLV2 promoter. 
 
activity (Fig. 7). No complementation of the clv2-3 phenotype was observed for the other 
constructs (PCLV2:CLV2RLP38-I, III, IV and V) in which the C1 domain of CLV2 was partially 
or completely exchanged with that of AtRLP38 (Fig. 6), suggesting that the C1 domain is 
critical for CLV2 function. Occasionally, in very few transgenic plants expressing the 
PCLV2:CLV2RLP38-I, PCLV2:CLV2RLP38-III, PCLV2:CLV2RLP38-IV and PCLV2:CLV2RLP38-V 
chimeras, some siliques of the plants developed two or three carpels, suggesting that these 
chimeric constructs could function in limited degree to complement the clv2-3 mutation. 
None of the chimeric receptors showed any dominant-negative effects. 
 
DISCUSSION 
 
The Arabidopsis RLP gene family encompasses 57 members. An initial genome-wide 
functional analysis of AtRLP gene T-DNA insertion mutants revealed only few phenotypes 
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Figure 7. Complementation results for the CLV2-AtRLP38 chimeric receptors (CLV2RLP38). A, The 
mean number of carpels per flower (±SE) of multiple independent transgenic lines for clv2-3 transformed with 
PCLV2:CLV2RLP38-(I-V). The mean number of carpels for wild-type Ler and the clv2-3 mutant are shown as 
controls for comparison. B, Comparisons of representative siliques from Ler, clv2-3, PCLV2:CLV2RLP38-I, 
PCLV2:CLV2RLP38-II, PCLV2:CLV2RLP38-III, PCLV2:CLV2RLP38-IV and PCLV2:CLV2RLP38-V. 
 
despite the screening of a wide range of conditions, growth and developmental stages, and 
various treatments including microbial pathogens (Wang et al., 2008; Ellendorff et al., 2008). 
These observations suggest a high degree of functional redundancy among the AtRLP family 
members. To obtain more functional information about AtRLP members, we studied possible 
redundancy in more detail by mutant complementation tests, double mutant analysis, and 
functional conservation of particular domains of the encoded proteins. In this study, we 
focused on CLV2 and its closest homologues. A subfamily consisting of CLV2 and eight 
CLV2-like AtRLPs was recognized, and the functional conservation among the CLV2-like 
genes was tested by their ability to complement the clv2-3 mutant. These experiments showed 
that, when expressed under the control of the CLV2 promoter, only AtRLP2 and AtRLP12 
were able to complement the developmental phenotypes of the clv2-3 mutant, while the other 
tested CLV2-like AtRLP members did not. Although four CLV2-like genes, AtRLP3, AtRLP11, 
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AtRLP31 and AtRLP37, were not tested in this complementation assay, we expect that similar 
results could be obtained as for their close paralogues AtRLP2, AtRLP12, AtRLP30 and 
AtRLP38, given the fact that they are genes pairs that are most likely the result of gene 
duplication. 
 
The complementation experiments revealed that the AtRLP2, AtRLP12 and CLV2 proteins 
are interchangeable, but does not reveal whether these CLV2-like proteins have overlapping 
functions in controlling developmental processes in the shoot meristem. To investigate 
possible redundancy among these CLV2-like AtRLPs, double mutants with the clv2 mutant 
(atrlp10 allele; Wang et al., 2008) were generated. None of the double mutant combinations 
showed additive phenotypic effects when compared with the atrlp10 mutant allele of CLV2. 
The observation that AtRLP3 and AtRLP11 are duplicated genes of AtRLP2 and AtRLP12, 
respectively, suggests a similar function for these paralogues. Therefore, the lack of additional 
phenotypes in the double mutants might be due to remaining activities of AtRLP3 and 
AtRLP11. Consequently, different combinations of triple mutants of atrlp2/atrlp3 atrlp10 
atrlp11/atrlp12 or RNA interference (RNAi) to target the expression of multiple CLV2-like 
RLPs simultaneously are needed to unravel the function of these CLV2-like genes. 
 
An alternative explanation for the lack of mutant phenotypes in the clv2 mutant background is 
that the two genes, AtRLP2 and AtRLP12, differ from the CLV2 gene in their expression level 
and/or pattern. AtRLP2 and AtRLP12 show little expression in the shoot apex, while CLV2 
exhibits a high expression level. This supports the hypothesis that these three genes play 
distinct roles in plant development due to their non-overlapping expression patterns with 
CLV2. In this scenario, the potential genes (most likely the AtRLP genes) other than CLV2 
should be redundant with AtRLP2 and AtRLP12 to explain the lack of single mutant 
phenotypes. 
 
The process of subfunctionalization, where the coding regions from closely-related family 
members are still conserved while the cis-regulatory sequences have diverged is a common 
phenomenon and has been documented for many gene families (Mazet and Shimeld, 2002; 
Prince and Pickett, 2002). CLV1 and the related BAM (Barely Any Meristem 1-3) proteins 
have similar biochemical functions, but play opposite roles within the meristem where BAMs 
act to promote and CLV1 to restrict the meristem size. The BAMs are broadly expressed in 
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many Arabidopsis organs, which is consistent with their multiple developmental roles 
(DeYoung et al., 2006), while CLV1 expression is restricted to the shoot apex (Clark et al., 
1997). CLV1 can fully replace BAM1 and BAM2 in developing organs while BAM1 and 
BAM2 can partially replace CLV1 function within the meristem when expressed under the 
ERECTA (ER) promoter. These results indicate that the distinct functions for these genes are 
caused by differences in their transcription patterns (DeYoung et al., 2006). Another example 
of subfunctionalization is provided by the studies of three BRI1 homologous genes, BRL1, 
BRL2 and BRL3, that were identified in Arabidopsis (Cano-Delgado et al., 2004). BRL1 and 
BRL3, but not BRL2, can rescue the bri1 mutant phenotype when expressed under the control 
of the BRI1 promoter (Cano-Delgado et al., 2004). While BRI1 is ubiquitously expressed, the 
expression of BRL1 and BRL3 is limited to vascular tissue (Cano-Delgado et al., 2004). In 
agreement with the expression pattern, the bri1 brl1 brl3 triple mutant enhances bri1 
dwarfism and also exhibits aberrant vascular differentiation that was not observed in bri1, 
indicating that the different function of BRI1, BRL1 and BRL3  can be explained by 
differences in expression patterns (Cano-Delgado et al., 2004). Similarly, two ERECTA (ER) 
paralogues, ERL1 and ERL2, that display overlapping and distinct expression patterns with 
the ER gene, are capable of substituting the ER when expressed under the control of the ER 
promoter (Shpak et al., 2004). While the er null allele exhibits compact inflorescences with 
short lateral organs and internodes (Torii et al., 1996), erl1 and erl2 single mutants display no 
detectable phenotype and each of them significantly enhances the er phenotype (Shpak et al., 
2004). Loss of the entire ER-family conferred many severe defects (Torii et al., 1996; Shpak 
et al., 2004; Shpak et al., 2005; Pillitteri et al., 2007). In conclusion, our results reinforce the 
notion that the subfunctionalization of some CLV2 subfamily members, at least among CLV2, 
AtRLP2 and AtRLP12, was primarily determined by the evolutionary divergence of their 
promoter specificities and expression patterns rather than by their protein-coding regions. A 
functional diversity among closely related is, at least in part, due to diversification in gene 
expression. Hence, it is expected that a true null phenotype is observed only in the absence of 
the entire subfamily of CLV2 close-relatives as has been shown for ER, ERL1 and ERL2 
(Shpak et al., 2004). 
 
We showed that AtRLP30 and AtRLP38 were unable to substitute CLV2 function when 
expressed under the CLV2 promoter, suggesting that they may have evolved towards distinct 
biological functions. Indeed, AtRLP30 has been demonstrated to be involved in non-host 
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resistance towards the bacterial pathogen Pseudomonas syringae pv. phaseolicola (Wang et 
al., 2008). This suggests that the function of each gene in a gene family does not have to be 
correlated to the bioinformatic and phylogenetic inference despite the observation that CLV2 
constitute a subfamily with AtRLP30 and AtRLP38. Taken together, functional diversity as 
well as redundancy exists in the CLV2 subfamily. 
 
To understand which protein domains are responsible for functional diversification, we 
exchanged domains between different AtRLP proteins. First, we determined which domains 
are essential for CLV2 function. We generated four deletion constructs, mainly focusing on 
the C domain, which demonstrated that the CLV2 island domain (C2) is dispensable for its 
function. In addition, the results indicate that the C1 and C3 regions are required for proper 
CLV2 functioning. The variable C2 region, which splits the variable C1 LRRs and the 
conserved C3 LRRs, has been suggested to be a flexible hinge-like region forming a loop 
between the two LRR blocks for folding into the regular LRR structure (Jones and Jones, 
1997). A similar island region is also found in some RLPs and RLKs, for instance Cfs, FEA2 
and BRI1 (Jones et al. 1994; Thomas et al. 1997; Li and Chory 1997; Taguchi-Shiobara et al., 
2001) although the island domain does not share any primary sequence similarity between the 
family members (Torri, 2004). In contrast to our results with CLV2, previous genetic studies 
have highlighted the importance of the island domain of BRI1 in brassinolide perception by 
RLK BRI1 (Li and Chory, 1997; Friedrichsen et al., 2000). Consistent with these genetic 
studies, the chimera BRI1/XA21-K737E containing a mutation in the island domain abolished 
the defense response (He et al., 2000). Furthermore, the island domain as well as a single 
LRR motif (LRR22) has been shown to bind directly to brassinolide (Kinoshita et al., 2005), 
demonstrating the importance of this domain for brassinolide perception. However, the C2 
domains of the tomato resistance proteins Cf-4 and Cf-9 are identical although both proteins 
recognize different C. fulvum avirulence molecules, implying that the C2 domain of these 
proteins is unlikely to be a determinant for ligand recognition. Consistent with our results, the 
C2 domains of the functionally orthologues proteins FEA2 and CLV2 are poorly conserved 
(Jeong et al., 1999; Taguchi-Shiobara et al., 2001), sharing only 15% identity, indicating that 
this region is not important for ligand perception. Although in a few cases the functionality of 
C2 domain has been proven, that fact that many functionally characterized RLPs and RLKs 
lack an island domain, for example, Xa21 (Song et al., 1995), ER and ERL1-2 (Torri et al., 
1996; Shpak et al., 2004; Shpak et al., 2005), CLV1 (Clark et al., 1997), FLS2 (Gómez-
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Gómez and Boller, 2000), HAESA (Jinn et al., 2000), TMM (Nadeau and Sack, 2002) and 
BAM1-3 (DeYoung et al., 2006), argues against an important role for this region. Moreover, 
of the 57 AtRLPs, 12 lack a C2 island domain (Wang et al., 2008). 
 
Chimeric constructs were designed between CLV2 and AtRLP38 to unravel which protein 
domains determine functional specificity. Complementation analyses revealed that the C3-F 
domains of CLV2 could be replaced by those of AtRLP38. The C3-F region is highly 
conserved among all RLPs (Fritz-Laylin et al., 2005; Wang et al., 2008) and many 
functionally characterized RLKs (Jones et al., 1994; Song et al., 1995; Li and Chory, 1997; 
Gómez-Gómez and Boller, 2000), indicating that this region is required for a generic 
conserved function either in complex formation or in proper structural folding. In contrast, the 
complementation tests with the chimeric constructs CLV2RLP38-I, -III, -IV and –V where we 
exchanged a part or the entire C1 domain between CLV2 and AtRLP38 showed that the 
AtRLP38 C1 region could not substitute the function of the CLV2 C1 domain. The 
replacement of six C1 LRRs in the CLV2LP38-IV construct already inactivated CLV2 
function. It has been reported that paired cysteines, located in the C-terminus, are probably 
important residues for RLPs and RLKs structure, and thus functioning (Jeong et al., 1999; 
Van der Hoorn et al., 2005). Although CLV2RLP38-I, -III, -IV and –V still have these 
residues, they lost CLV2 function, indicating that other residues are also important for the 
function of CLV2. In previous studies, the C1 region has been demonstrated to provide the 
recognition specificity of Cfs (van der Hoorn et al., 2001; Wulff et al., 2001; Seear and Dixon, 
2003; Rivas et al., 2004; van der Hoorn et al., 2005). Recently, site-directed mutagenesis of 
FLS2 also revealed that flagellin perception relies on limited residues in the LRR9 to LRR15 
region of FLS2 (Dunning et al., 2007). Furthermore, the C1 domain is highly variable, 
particularly in the number of LRRs (Shiu and Bleecker, 2001; Fritz-Laylin et al., 2005; Wang 
et al., 2008). These findings highlight the potential role of the N-terminal LRRs of the RLPs 
and RLKs in the determination of functional specificity. Furthermore, polymorphisms of the 
CLV2 gene in different ecotypes suggest that LRR1-LRR4 may functionally not be as 
important as the remaining parts of the protein (Jeong et al., 1999). This observation, as well 
as our deletion and domain-swapping results, strongly suggests that LRR5-LRR17 of CLV2 
play a critical role either in the ligand-binding specificity or dimerization with partner 
proteins that are required for the CLV signaling pathway. Taken together, our studies provide 
valuable information on the function of CLV2 domains and how these domains are conserved 
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among related AtRLP family members. 
 
Experimental procedures 
 
Plant materials and growth conditions 
 
The Arabidopsis ecotype Columbia (Col-0) and Landsberg erecta (Ler) were used as wild 
types. The atrlp10, atrlp2, atrlp12 and clv2-3 mutants were described previously (Kays and 
Clarck, 1998; Wang et al., 2008). Seeds were gas sterilized for 1 h by mixing 100 mL bleach 
(containing 4% NaClO) and 3 mL HCl. Subsequently, the seeds were germinated on 1/2 MS 
medium containing 1% sucrose, 0.5g/L MES and 0.8% (w/v) at pH 5.8. Plants were grown on 
soil at 22°C either under short-day (8 h day/16 h night) or long-day (16 h day/8 h night). 
 
Complementation of the clv2 mutant by CLV2 homologues 
 
Full-length CLV2 (PCLV2:CLV2) including the native promoter and terminator was amplified 
using the primers GD1 and GD2 including the Gateway cloning sites. PCR was performed 
using Col-0 genomic DNA as template. The CLV2 promoter and AtRLP gene fragments for 
different constructs were generated using GD1/GD3 and GD4/GD5 for PCLV2:AtRLP2; 
GD1/GD6 and GD7/GD8 for PCLV2:AtRLP12; GD1/GD9 and GD10/GD11 for PCLV2:AtRLP30, 
GD1/GD12 and GD13/GD14 for PCLV2:AtRLP38, GD1/GD15 and GD16/GD17 for 
PCLV2:TMM, and GD1/GD18 and GD19/GD20 for PCLV2:Cf-9, respectively (Table 2). The 
CLV2 promoter (PCLV2) and PCR fragments were combined using overlap extension PCR, 
after which the complete constructs were generated via PCR using primers GD1 and GD5 for 
PCLV2:AtRLP2; GD1 and GD8 for PCLV2: AtRLP12, GD1 and GD11 for PCLV2:AtRLP30, GD1 
and GD14 for PCLV2:AtRLP38, GD1 and GD17 for PCLV2:TMM and GD1and GD20 for 
PCLV2:Cf-9 (Table 2). 
 
The PCR fragments were recombined into pDONR207 (Invitrogen) by a BP reaction, and 
subsequently all fragments were cloned into the binary vector with an LR reaction using the 
plasmids from the BP reaction mixed with the pKGW vector (Karimi et al., 2002) following 
the supplier’s protocol. The plasmids were introduced into Agrobacterium tumefaciens strain 
C58pmp90 by electroporation and transformed into the clv2-3 mutant plants by floral dip 
transformation (Clough and Bent, 1998). 
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Table 2. Primer sequences used in this study. 
 
Name Sequence (5'→3') 
GD1 GGGGACAAGTTTGTACAAAAAAGCAGGCTGCAGAATCTGATGCATATGAAC 
GD2 GGGGACCACTTTGTACAAGAAAGCTGGGTATTACCCACCATTTCCTGTC 
GD3 GACCTTTGGCTTTGGATCTCATAGCTCAGAGGAGAAAG ATGAA 
GD4 TTCATCTTTCTCCTCTGAGCTATGAGATCCAAAGCCAAAGGTC 
GD5 GGGGACCACTTTGTACAAGAAAGCTGGGTCTCGAG CACTAAGCAATGCTA 
GD6 TGACGATGGCTTCGGATCATCATAGCTCAGAGGAGAAAGATGAA 
GD7 TTCATCTTTCTCCTCTGAGCTATGATGATCCGAAGCCATCGTCA 
GD8 GGGGACCACTTTGTACAAGAAAGCTGGGTACACATGGAGATTGCGCTCCGTG 
GD9 AGGAATTAGATTGGCTTGGAATCATAGCTCAGAGGAGAAAGATGAA 
GD10 TTCATCTTTCTCCTCTGAGCTATGATTCCAAGCCAATCTAATTCCT 
GD11 GGGGACCACTTTGTACAAGAAAGCTGGGTCAGGCAACATCAGTTATGAAAG 
GD12 CAATAAGATTGGCTTCGAATCATAGCTCAGAGGAGAAAGATGAA 
GD13 TTCATCTTTCTCCTCTGAGCTATGATTCGAAGCCAATCTTATTG 
GD14 GGGGACCACTTTGTACAAGAAAGCTGGGTAGATAGTGTCACCTACTCGTCTC 
GD15 GAAGAATTCATATCGTGCCATAGCTCAGAGGAGAAAGATGAA 
GD16 TTCATCTTTCTCCTCTGAGCTATGGCACGATATGAATTCTTC 
GD17 GGGGACCACTTTGTACAAGAAAGCTGGGTCGAGGACACATTTACTTGAGAT 
GD18 GGAATACAAGTTTTACACAATCCATAGCTCAGAGGAGAAAGATGAA 
GD19 TTCATCTTTCTCCTCTGAGCTATGGATTGTGTAAAACTTGTATTCC 
GD20 GGGGACCACTTTGTACAAGAAAGCTGGGTAACTTAATTGAAGTCAAGTG 
GD21 CATAGACAATAGATTGTAGCTATCGTCTGGTATGAACCAAGA 
GD22 TCTTGGTTCATACCAGACGATAGCTACAATCTATTGTCTATG 
GD23 TGGAAACTT CCCGAGCCCTTCGAAACTTAATTCATCTTTAGCA 
GD24 TGCTAAAGATGAATTAAGTTTCGAAGGGCTCGGGAAGTTTCCA 
GD25 TGGAAACTTCCCGAGCCCTTCATCGTCTGGTATGAACCAAG 
GD26 CTTGGTTCATACCAGACGATGAAGGGCTCGGGAAGTTTCCA 
GD27 AAGCGTGTGCTGTTTAAGTTAGATGGGTGAATCTGACTGGA 
GD28 TCCAGTCAGATTCACCCATCTAACTTAAACAGCACACGCTT 
GD29 CTTTGAAGCGTGTGCTGTTTAAGTTGTCTTGTGGTAATGACCCAACGA 
GD30 TCGTTGGGTCATTACCACAAGACAACTTAAACAGCACACGCTTCAAAG 
GD31 GACTTTAAAGCCTCGAAAGATGAAACTTAATTCATCTTTAGC 
GD32 GCTAAAGATGAATTAAGTTTCATCTTTCGAGGCTTTAAAGTC 
GD33 GGGGACCACTTTGTACAAGAAAGCTGGGTAGATAGTGTCACCTACTCGTCTC 
GD34 CTAACGAAGAAATCTTGAGCAAACTCTCAGGTAGTTCTCCAACA 
GD35 TGTTGGAGAACTACCTGAGAGTTTGCTCAAGATTTCTTCGTTAG 
GD36 ACAAATCTGAAGTTGCAGATCCTCAACGGTATATCACCAGAA 
GD37 TTCTGGTGATATACCGTTGAGGATCTGCAACTTCAGATTTGT 
GD38 TGGATTTTGTCAAACTTGAACAAGTCTTGTGGTAATGACCCAACGA 
GD39 TCGTTGGGTCATTACCACAAGACTTGTTCAAGTTTGACAAAATCCA 
GD40 CACTTCCTTCTTGGTTGTTCA 
GD41 TCCTCTTGTGATGCATCAATG 
GD42 ATCTCTCCAGTCAGATTCACC 
GD43 GCGGTTTTCCCCAGTGTTGTTG 
GD44 TGCCTGGACCTGCTTCATCATACT 
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Generation of deletion and chimeric constructs and transformation 
 
As for the deletion constructs, the two fragments of the deletion constructs (∆1-∆4) were 
generated using GD1/GD21 and GD2/GD22 for construct ∆1, GD1/GD23 and GD2/GD24 for 
construct ∆2, GD1/GD25 and GD2/GD26 for construct ∆3, and GD1/GD27 and GD2/GD28 
for ∆4, respectively (Table 2). The two fragments were combined with overlap extension PCR, 
after which the four deletion constructs were generated via PCR using primers GD1 and GD2 
(Table 2). 
 
For the chimeric constructs between CLV2 and AtRLP38, the fragments of each construct 
were amplified using GD1/GD29 and GD2/GD30 for PCLV2:CLV2RLP38-I; GD1/GD31 and 
GD32/GD33 for PCLV2:CLV2RLP38-II; GD1/GD34 and GD33/GD35 for PCLV2:CLV2RLP38-
III; GD1/GD36 and GD33/GD37 for PCLV2:CLV2RLP38-IV; and GD1/GD38 and GD2/GD39 
for PCLV2:CLV2RLP38-V (Table 2). Subsequently, the two fragments were combined with 
overlap extension PCR by primers GD1 and GD2 for PCLV2:CLV2RLP38-I and 
PCLV2:CLV2RLP38-V; GD1 and GD33 for PCLV2:CLV2RLP38-II, PCLV2:CLV2RLP38-III and 
PCLV2:CLV2RLP38-IV (Table 2). 
 
All resulting PCR fragments were recombined into pDONR207 and subsequently cloned into 
the pKGW vector (Karimi et al., 2002). The binary vectors, containing the different fragments, 
were sequenced before transformation to the clv2-3 mutants. Transgenic plants were created 
by floral dip transformation (Clough and Bent, 1998). 
 
RNA isolation and RT-PCR 
 
Total RNA was isolated from inflorescences using the Qiagen RNAeasy Kit according to the 
manufacture’s instructions. Residual genomic DNA contamination was removed with RNase-
free DNase I and further purified. First strand cDNA was synthesized from 1 µg of DNA-free 
RNA with M-MLC reverse transcriptase at 37°C for 50 minutes. The primers used for ∆1, ∆2 
and ∆3 are GD40 and GD41, while GD41 and GD42 for ∆4 (Table 2). The primer pairs GD43 
and GD44 (Table 2) were used to amplify the ACTIN gene as a control. 
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Figure S1. RT-PCR to investigate the expression of deletion 
constructs. 
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Figure S2. Clustal X alignment of full-length CLV2 and AtRLP38 proteins. Amino acid sequence similarity 
as determined by the conservation mode of GeneDoc is indicated by shading (black for 100% conservation, gray 
for ≥ 55% conservation). Dashes represent gaps. The numbers indicate positions of amino acid residues in the 
corresponding proteins. 
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ABSTRACT 
 
Stem cells residing in the central zone of the plant shoot apical meristem (SAM) produce 
aerial organs. In Arabidopsis, the CLAVATA genes, including CLV1, CLV2 and CLV3, are 
involved in restricting the size of the stem cell population in the SAM. CLV1 encodes a 
leucine-rich repeat (LRR) receptor-like kinase (RLK) while CLV2 is an LRR receptor-like 
protein (RLP). It has been hypothesized that CLV1 and CLV2 form a heterodimer complex to 
perceive CLV3, a small secreted protein that transduces the signal to the stem cell organizing 
centre to repress the expression of the stem cell-promoting factor WUSCHEL. The CLV3 
peptide can directly bind to the ectodomain of CLV1. However, no biochemical evidence on 
the physical interaction between CLV1 and CLV2 is available and nothing is known about the 
protein composition and the dynamics of this proposed receptor complex upon ligand 
activation. Using fluorescently-tagged version of CLV1 and CLV2, we examined the 
subcellular localization of both proteins, revealing that they are targeted to the plasma 
membrane. The common subcellular localization of CLV1 and CLV2 supports the hypothesis 
that CLV1 and CLV2 may directly interact with each other. Surprisingly, we observed many 
transgenic plants containing CLV1-CFP or CLV2-YFP constructs driven by the CaMV 35S 
promoter that mimicked clv mutant plants, most likely caused by a dominant-negative mode 
of action for CLV1 and a co-suppression effect for CLV2. Furthermore, we provide evidence 
that CLV1 plays a role in the regulation of pedicel length. The stable transgenic lines and 
functionally tagged CLV1 and CLV2 proteins generated in this study are valuable tools for 
future studies on heterodimerization of CLV1 and CLV2 and in vivo dynamics of CLV 
complex, and on the identification of complex formation. 
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INTRODUCTION 
 
In plants, the shoot apical meristem (SAM) produces all the aboveground organs throughout 
its entire life span due to the continuous activity of the meristem where a constant population 
of undifferentiated stem cells resides (Groß-Hardt and Laux, 2003). These slow-dividing cells 
simultaneously maintain two antagonistic events: cell proliferation for self-perpetuation and 
cell differentiation for organ formation (Stahl and Simon, 2005). Thus, a proper coordination 
between maintenance of undifferentiated stem cells and cell division is critical for organ 
initiation (Groß-Hardt and Laux, 2003). In Arabidopsis, loss-of-function of the CLAVATA loci 
(CLV1, CLV2 and CLV3) causes the progressive accumulation of undifferentiated stem cells, 
resulting in an enlarged meristem and increased floral organ numbers (Clark et al, 1993; Clark 
et al, 1995; Kayes and Clark, 1998). The clv1 and clv2 null mutants have similar but weaker 
phenotypes than the clv3 null mutants, and the strong clv1 alleles appeared to be dominant-
negative mutants (Kayes and Clark, 1998; Diévart et al., 2003). The observation that a 
combination of double mutants of any of three clv mutants exhibited similar phenotypes 
suggested that the three proteins function in a common pathway to restrict the fasciated 
growth of stem cells in the shoot and floral meristem (Clark et al. 1995; Clark et al., 1997; 
Kayes and Clark, 1998; Fletcher et al., 1999). 
 
The CLV1 gene encodes an extracellular leucine rich repeat (LRR) receptor-like kinase (RLK) 
with 23 consecutive LRRs and a functional cytoplasmic kinase domain that phosphorylates on 
serine residues (Clark et al., 1997). CLV2 is an LRR receptor-like protein (RLP) (Jeong et al., 
1999). CLV3 is the best characterized member of the CLE (CLV3/ESR-related) gene family 
(Cock and McCormick, 2001), encoding a small 96-amino acid polypeptide (Fletcher et al., 
1999; Brand et al., 2000; Schoof et al., 2000). The CLE motif of CLV3 was shown to be 
functional in limiting the Arabidopsis SAM and the root meristem size upon expression from 
a transgene or exogenous application (Hobe et al., 2003; Fiers et al., 2004; Fiers et al., 2005; 
Ni and Clark, 2006; Fiers et al., 2006). Recently, the native mature CLV3 peptide (MCLV3) 
has been isolated while appeared to be a polypeptide of 12 amino acids (Kondo et al., 2007; 
Ito et al., 2007). 
 
Molecular genetic data suggest the existence of a negative regulatory feedback loop, in which 
CLV3 acts from the stem cell population to negatively restrict the expression of WUSCHEL 
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(WUS), which encodes a homeodomain transcription factor (Mayer et al., 1998). WUS is 
located in the organizing center and positively activates CLV3 expression in the center of the 
meristem (Lenhard and Laux, 2003). Based on all these data, it has been proposed that CLV3 
binds and activates the CLV1/CLV2 receptor complex to repress WUS (Jeong et al., 1999; 
Trotochaud et al., 1999). Recently, this was confirmed in part by the demonstration that 
CLV3 binds to the CLV1 ectodomain (Ogawa et al., 2008). Another parallel pathway has 
been identified by Müller et al. (2008), who isolated a new mutant, coryne/suppressor of 
overexpression of LLP1-2 (crn/sol2). The crn/sol2 mutant exhibits multiple phenotypes that 
are shared with clv1 and clv2 mutants, including enlarged meristem and a multi-carpel 
phenotype (Müller et al., 2008; Miwa et al., 2008). It has been proposed, based on genetic 
interaction studies, that CRN/SOL2 and CLV2 act together to form a functional receptor 
complex. This functional receptor complex may act in parallel with CLV1/CLV2, to 
transduce CLV3 signals and repress the expression of WUS (Müller et al., 2008; Miwa et al., 
2008). 
 
A number of downstream components of the CLV pathway have been identified. KINASE-
ASSOCIATED PROTEIN PHOSPHATASE (KAPP), one of the downstream components, was 
identified as a negative regulator of the CLV signaling transduction pathway (Williams et al., 
1997; Stone et al., 1998). KAPP is part of the 450 kDa CLV complex, which also includes a  
Rho/Rac-GTPase related protein (ROP) that has been found in many signal transduction 
pathways (Trotochaud et al., 1999). Furthermore, the complex requires the presence of a 
functional CLV2 protein for its stability (Trotochaud et al., 1999). Another downstream factor 
of the CLV pathway, POLTERGEIST (POL), which encodes a protein phosphatase 2C protein, 
is a member of a six-gene family in Arabidopsis (POL and PLL1-PLL5) (Yu et al., 2000; Yu 
et al., 2003; Song and Clark, 2005). The pol and pll1 mutants dominantly suppress the floral 
meristem defects of the crn mutant (Müller et al., 2008), suggesting that the involvement in 
the CLV pathway. Thus, the CLV pathway as well as the CRN/CLV2 pathway, may share the 
same downstream signaling factors to repress WUS expression by controlling POL activity 
(Müller et al., 2008; Miwa et al., 2008). 
 
The CLV pathway is still poorly understood although it has been extensively studied as 
discussed above. For instance, it has been proposed that CLV1 and CLV2 are targeted to the 
plasma membrane, but their subcellular localization has never been demonstrated. 
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Furthermore, the current model that CLV1 and CLV2 form a heterodimeric complex is based 
on genetic data, while the biochemical evidence is largely missing. Therefore, as part of our 
effort to demonstrate a physical interaction between CLV1 and CLV2, we firstly carried out 
studies on their subcellular localization. In this chapter, we show that the CLV1 and CLV2 
proteins are targeted to the plasma membrane either in plants or in protoplasts and thus share 
a common subcellular localization. In addition to these localization data, we observed that the 
CLV1 and CLV2 fusion constructs driven by the CaMV 35S promoter caused loss-of-function 
phenotypes rather than over-expression phenotypes, which most likely is caused by a 
dominant-negative mode of action for CLV1 and a co-suppression effect for CLV2. These 
mutant plants provide evidence that CLV1 plays a role in pedicel growth. 
 
RESULTS 
 
Generation of protein fusion constructs for plant and protoplasts expression 
 
The CLV1 and CLV2 proteins were tagged with fluorescent proteins to analyze their 
localization in stably transformed plants and protoplasts. Schematic diagrams of the tagged 
CLV1 and CLV2 fusion constructs are shown in Figure. 1. The constructs contain either the 
coding region of eYFP (enhanced Yellow Fluorescent Protein) fused to the CLV2 open 
reading frame, or eCFP (enhanced Cyan Fluorescent Protein) fused to the open reading frame 
of CLV1 (Fig. 1). For protoplasts transfections, vectors were used as has been described 
previously (Nougalli Tonaco et al., 2006). The fusion constructs of CLV1 and CLV2 were 
expressed in Arabidopsis plants by pGD121 (Immink et al., 2002) under the control of the 
CaMV 35S promoter. For the CLV1-CFP construct, also the ERECTA promoter was used 
(Shpak et al., 2004). PCLV2::CLV2-GFP has been characterized in Chapter 3.1. 
 
 
 
Figure 1. Schematic diagram of constructs used in the expression experiments reported in this study. The 
expression of CLV1 or CLV2 cDNAs fused at their 3’-termini to the CFP or YFP genes and were controlled by 
the cauliflower mosaic virus 35S (CaMV 35S) promoter (arrow) or ERECTA (ER) promoter (PER). 
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Figure 2. Functional analysis of CLV1 and CLV2 fusion proteins. A, Representative siliques of Ler, clv2-3 
and 35S::CLV2-YFP plants (from left to right). B, The average number of carpels for multiple independent 
transgenic lines of the Col-0, clv2-3 and 35S::CLV2-YFP. C, Representative siliques of Ws-2, clv1-12, 
PER::CLV1-CFP and 35S::CLV2-YFP plants. D, The average number of carpels per flower for multiple 
independent transgenic plants of the Ws-2, clv1-12, PER::CLV1-CFP and 35S::CLV2-YFP.  
 
Fluorescent protein-tagged versions of CLV1 and CLV2 are functional 
 
Before investigating the subcellular localization of CLV1 and CLV2, we analyzed the 
functionality of CLV1 and CLV2-tagged chimeric proteins by stably expressing the 
constructs in the corresponding mutants. The null mutant clv1-12 (Diévart et al., 2003) for 
CLV1-tagged proteins and the clv2-3 allele (Kayes and Clark, 1998) for CLV2-tagged 
proteins were used for this complementation assay. At least 20 independent transgenic lines of 
each construct were examined for the ability to complement the mutant phenotypes, which 
was quantified by the number of carpels. For the 35S::CLV2-YFP construct, 17 out of 31 
transgenic lines exhibited a complete rescue of the clv2-3 mutation (Figs. 2A-2B), indicating 
that CLV2 carrying a YFP tag at its C-terminus is still functional. A clv2-3 mutant forms 
about four carpels per flower, while the rescued transgenic plants expressing CLV2-YFP 
developed pistils with a mean carpel number of 2.05±0.25, which is comparable to wild type 
pistils (Figs. 2A-2B). 
 
With respect to PER::CLV1-CFP and 35S::CLV1-CFP, 10 out of 24 and 18 out of 32 
transgenic lines showed restoration of the wild-type phenotype in the clv1-12 mutants, 
respectively (Figs. 2C-2D). The mean carpel number was 2.08±0.28 for the rescued plants 
carrying PER::CLV1-CFP, and 2.04±0.15 for 35S::CLV1-CFP plants, while the average carpel 
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Figure 3. Subcellular localization of CLV1 and CLV2 fusion proteins. A-B, Confocal images of protoplasts 
expressing 35S::CLV2-YFP (A), 35S::CLV2-YFP and 35S::CLV1-CFP (B), and 35S::FBP5-YFP (C) as control. 
Note that the CLV2-YFP protein is targeted to the plasma membrane and the FBP5-YFP is nuclear localized. 
Panel I represents chlorophyll fluorescence, panel II shows the CFP fluorescence, panel III shows YFP 
fluorescence and panel IV is a merge of panels I, II and III. D, Confocal images of 35S::CLV2-YFP in the leaf 
epidermal cells. E-F, Confocal images of plasma membrane localization of CLV1 in the leaves expressing 
PER::CLV1-CFP (E) and 35S::CLV1-CFP (F). Left images in D-F show YFP (D) or CFP (E-F) fluorescence; the 
middle images are bright field images and the right images are merges of the left and middle panels. G, Western 
blot analyses of 35S::CLV1-CFP and 35S::CLV2-YFP protoplast protein extracts with an antibody against the 
GFP showing the presence of CLV1 and CLV2. Left lane is a control of FBP5-YFP. 
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number for clv1-12 mutants is 2.76±0.7 (Fig. 2D). These results confirmed that the fusion 
proteins we generated were fully functional. Thus, the CLV1 and CLV2 tagged proteins are 
biologically equivalent to native CLV1 and CLV2, making them suitable for localization 
studies. 
 
Subcellular localization of CLV1-CFP and CLV2-YFP in protoplasts and plants 
 
The subcellular localization of CLV1 and CLV2 in living cells was examined by confocal 
laser scanning microscopy (CLSM) using the stable transgenic lines. In addition, the 
subcellular localization of CLV1 and CLV2 was also determined by transient expression in 
protoplasts derived from Arabidopsis leaves. Although we were able to detect the CLV2-YFP 
signal in protoplast cells (Fig. 3A), we could not detect any fluorescent signal for CLV1-CFP 
in transfected protoplasts despite several attempts (data not shown). Both CLV1 and CLV2 
contain a transmembrane domain and are supposed to be trans-membrane proteins (Clark et 
al., 1997; Jeong et al., 1999). As expected, the CLV2-YFP fusion protein is localized in the 
plasma membrane, showing an identical localization in transgenic Arabidopsis plants and 
protoplasts (Figs. 3A, 3B, 3D). Genetic analyses suggest that CLV1 and CLV2 may function 
as a heterodimeric complex in plants (Jeong et al., 1999; Trotochaud et al., 1999). Therefore, 
it is expected that the two proteins have a common subcellular localization. In consistence, 
confocal microscopy revealed that the CLV1-CFP fusion proteins (PER::CLV1-CFP and 
35S::CLV1-CFP) were located in the membranes of leaf epidermal cells (Figs. 3E-3F). 
Despite the absence of a fluorescence signal for 35S::CLV1-CFP in the transfected 
protoplasts, the co-transfection of 35S::CLV2-YFP and 35S::CLV1-CFP in protoplasts 
resulted in co-localization of CLV1-CFP and CLV2-YFP in the plasma membrane (Fig. 3B), 
strengthening the notion that CLV2 is a stabilizer for the CLV1 protein (Jeong et al., 1999).  
 
To demonstrate that the integrity of the fusion proteins was not affected in the transfected 
protoplast cells, the presence of the CLV1-CFP and CLV2-YFP fusion proteins was analyzed 
by western blotting using a GFP antibody. A protein band of about 135 kDa and a band of 
approximately 110 kDa, corresponding to the sizes of the respective fusion proteins, 
demonstrated the presence of CLV1-CFP and CLV2-YFP, respectively (Fig. 3G). Although 
PER::CLV1-CFP was not molecularly analyzed to verify the presence of fusion protein, the 
RT-PCR analysis revealed an elevated expression level of the CLV1 gene in the rescued 
transgenic lines carrying CLV1-CFP (Fig. 4E). 
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Figure 4. Carpel phenotypes of the transgenic plants over-expressing tagged CLV1 and CLV2 in wild-type 
plants. A, Representative siliques of Col-0 (left) and transgenic plants carrying 35S::CLV2-YFP (right). B, 
Representative siliques of Ler (left) and transgenic plants carrying 35S::CLV2-YFP (right). C, Representative 
siliques of Col-0 (left) and transgenic plants carrying 35S::CLV1-CFP (right). D, Representative siliques of Ler 
(left) and transgenic plants carrying 35S::CLV1-CFP (right). E, Expression levels of CLV1 in WT and some 
transgenic plants were detected by semi-quantitive RT-PCR. The transgenic plants (T0-3, T0-8 and T0-10) 
containing 35S::CLV1-CFP showed a mild multi-carpel phenotype, while transgenic line T0-6 exhibited a strong 
carpel phenotype. The transgenic plants containing 35S::CLV1-CFP (T0-12, T0-16 and T0-20) and transgenic 
plants containing PER::CLV1-CFP (T0-16, T0-21 and T0-22) were able to fully complement the clv1-12 mutant. 
The product in the last lane was amplified from genomic DNA, which results in a PCR product larger in size 
than the products generated from the cDNA. Actin was used a control. 
 
These findings enhanced the notion that CLV1 might act as a surface receptor recognizing an 
extracellular ligand (Clark et al., 1997; Diévart et al., 2003). This is also in agreement with 
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the biochemical ligand-binding study from Ogawa et al. (2008), showing that CLV1 functions 
as a receptor that directly binds the CLV3 peptide. Furthermore, the similar plasma membrane 
localization for both CLV1 and CLV2 supports the possibility that CLV1 and CLV2 may 
directly interact with each other. 
 
Phenotypic analyses of transgenic lines ectopically expressing CLV1 and CLV2 
 
Previously, we have shown that over-expression of CLV2 results in a phenotype that 
resembles the clv2 mutant, which is most likely caused by a co-suppression effect on the 
endogenous CLV2 gene (Chapter 3.1). To determined whether the fusion proteins interfered 
with their endogenous counterpart, two 35S promoter driven constructs, 35S::CLV2-YFP and 
35S::CLV1-CFP were introduced into Arabidopsis wild-type plants, ecotype Col-0 and Ler, 
and the transformants were analyzed for phenotypic alterations. About 35% T0 transgenic 
plants carrying 35S::CLV2-YFP displayed a multi-carpel phenotype, mimicking the clv2 
mutants, as described previously for 35S:CLV2 transgenes (Chapter 3.1), while the rest of the 
T0 plants had a wild-type appearance (Figs. 4A-4B). Although these clv2-like transgenic 
plants were not analyzed molecularly, we supposed that a co-suppression phenomenon has 
also occurred in these mutant-like lines. For plants containing the CLV1-CFP fusion construct, 
about 28% T0 plants exhibited a clv1-like phenotype with extra carpels (Figs. 4C-4D). 
Transcription analysis using RT-PCR revealed a significant increase of CLV1 expression in 
the mutant-like lines compared with wild-type plants, and wild-type looking transgenic plants 
(Fig. 4E), suggesting a dominant-negative effect rather than a co-suppression effect. In 
contrast, the transgenic plants over-expressing CLV1-CFP do not show any visibly 
phenotypic alterations, despite the elevated levels of CLV1 transcripts (Fig. 4E). Interestingly, 
variation in carpel phenotype was observed between mutant-like transgenic lines in Col-0 and 
Ler backgrounds. In Col-0 the carpel phenotype is subtle (particularly for 35S::CLV1-CFP), 
while the carpel phenotype is stronger in a Ler background (Figs. 4A-4D). This observation is 
consistent with previous observations that the clv1 and clv2 phenotypes are strongly 
influenced by the different genetic backgrounds (Chapter 3.1; Diévart et al., 2003). 
 
CLV1 involved in the regulation of pedicel length 
 
We found that the pedicel length was increased in some of the transformed Ler plants 
carrying 35S::CLV1-CFP (Figs. 5A-5B) while the er mutation leads to shorter pedicels (Torii 
et al., 1996; Shpak et al., 2004). In order to characterize this phenotype in more detail, we 
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assessed the pedicel length in 35S::CLV1-CFP Ler transgenic plants and wild type Ler plants 
(Figs. 5A-5B). The CLV1 over-expression lines in the Ler background have pedicels that are 
82% longer than those from wild-type plants (wild-type pedicel, 4.6±0.79mm, n=117; 
35S::CLV1-CFP pedicel, 8.4±2.1 mm, n=138) (Fig. 5C). Interestingly, the extent of 
elongation of the pedicel was observed and more pronounced in the lines with the putative 
dominant-negative mutation of CLV1 as indicted by the increased carpel number (Fig. 5B). 
Our observations suggest that CLV1 is also involved in a parallel pathway interacting with ER 
and controlling pedicel elongation. Ectopic expression of CLV1 under the control of the 
constitutive 35S promoter can rescue the pedicel phenotype of er plants, indicating that CLV1 
can replace the ER function in the regulation of pedicel development. 
 
 
 
Figure 5. Ectopic expression of CLV1 (35S::CLV1-CFP) alters pedicel development. A-B, Representative 
siliques of Ler (A) and 35S::CLV1-CFP transgenic plants (B). Pedicel lengths are reduced in Ler due to a 
mutation in the ER gene. Longer pedicels were observed in transgenic lines with multi-carpel phenotype (B). C, 
The mean length of pedicels (±SE) for independent transgenic lines expressing 35S::CLV1-CFP with wild-type 
Ler as control. About 110 pedicels were measured for the pedicel length. 
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DISCUSSION 
 
In this chapter, we studied the subcellular localization of CLAVATA1 (CLV1) and CLV2 
using fluorescently-tagged versions of CLV1 and CLV2 followed by confocal microscopy 
analysis. Firstly, complementation assays with the CLV1 and CLV2 fusion proteins were 
performed to confirm that the tagged versions are functional as the native proteins. We found 
that all fusion proteins maintain their normal functionality, as was demonstrated by rescue of 
clv1 and clv2 mutants. 
 
In a previous study, we observed that the CLV2-GFP fusion construct driven by the CLV2 
promoter displayed a very low expression level in transgenic plants (Chapter 3.1), making it 
unfeasible for further studies. Therefore, we produced a 35S::CLV2-YFP construct which was 
used for further studies on the subcellular localization and dynamics of the CLV2 protein. 
This study revealed that both CLV1 and CLV2 are localized to the plasma membrane of leaf 
epidermal cells and protoplasts, providing novel information about the subcellular localization 
of CLV1 and CLV2. The plasma membrane localization of CLV2 observed in this study is 
consistent with its function as a cell surface receptor, probably forming a protein complex 
with CLV1 and/or CORYNE (CRN) and recognizing an extracellular ligand such as CLV3 
(Jeong et al., 1999; Trotochaud et al., 1999; Müller et al., 2008). Transgenic plants carrying 
35S::CLV1-CFP and PER::CLV1-CFP exhibited a similar plasma membrane localization for 
the CLV1-CFP, also confirming the hypothesis that CLV1 is a transmembrane receptor 
protein that recognizes an external ligand such as CLV3 (Clark et al., 1997; Ogawa et al., 
2008). Furthermore, the common plasma membrane localization of CLV1 and CLV2 supports 
the hypothesis, which is based on genetic studies, that CLV1 and CLV2 may form a 
heterodimer on the membrane to perceive the CLV3 signal (Jeong et al., 1999; Trotochaud et 
al., 1999). Our subcellular localization results presented here, and the stable transgenic lines 
generated in this study are valuable tools for future studies on in vivo dynamics and 
heterodimerization of CLV1 and CLV2 proteins. 
 
Remarkably, the introduction of 35S::CLV2-YFP and 35S::CLV1-CFP into either Col-0 or 
Ler wild-type plants resulted in a clv-like mutant phenotype. The loss-of-function phenotypes 
were most likely caused by two phenomena, either by co-suppression in the case of 
35S::CLV2-YFP, or by a dominant negative effect in the case of the 35S::CLV1-CFP. 
Similarly, the expression of CLV2 under the control of the CaMV 35S promoter (without any 
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tag) exhibited a similar loss-of-function phenotype (Chapter 3.1), implying that the co-
suppression phenomenon is most likely correlated with the 35S promoter which causes a high 
expression of CLV2. The loss-of-function phenotypes were also observed for lines over-
expressing a CLV1 fusion construct (35S::CLV1-CFP), although in this case the phenotype is 
most likely not caused by down-regulation of CLV1. In these lines, the mRNA expression was 
higher than that in wild-type plants, indicating a dominant-negative mode of action for the 
CLV1-CFP protein, possibly due to the formation of malfunctioning protein complexes. In 
contrast, we observed a full complementation of the clv1-12 mutant by 35S::CLV1-CFP, 
indicating that a functional receptor complex is formed. These contradicting results could be 
explained by a dosage effect: when low expression of CLV1-CFP occurs, the mutant plant 
could be rescued, while at higher expression levels a mutant phenotype appears by a 
dominant-negative mode of action. Further expression analyses are needed to confirm this 
hypothesis. An approach to unravel the dominant-negative mode of action would be by 
introducing the tagged versions under the control of other or endogenous promoters. In this 
way, we could analyze whether this dominant-negative action is the result of the additional 
CFP tag, or of the high expression due to the 35S promoter, or both. Indeed, we observed that 
a number of the clv1-12 mutant plants (10 out 24 T0 transgenic lines) were rescued by 
PER::CLV1-CFP, while the remaining transgenic lines were indistinguishable from the clv1-
12 mutants. However, these mutant-like transgenic lines expressing PER::CLV1-CFP were not 
been analyzed molecularly. Therefore, we cannot distinguish whether the phenotypes were 
caused by a co-suppression effect, or of a dominant-negative mode of action, or due to low 
expression of CLV1. 
 
We found that over-expression of CLV1 fusion constructs caused a longer pedicel in Ler, 
which carries a mutation in the ERECTA (ER) gene. ER encodes a receptor-like kinase 
regulating organ shape and inflorescence architecture and causes a strong reduction in pedicel 
length when mutated (Torii et al., 1996; Shpak et al., 2004). This finding suggests that ectopic 
expression of CLV1 overcomes the er mutation with respect to the pedicel growth, indicating 
that CLV1 can replace ER function when expressed similarly as ER in the developing pedicels. 
It has been suggested that components of the CLV signaling pathway affect pedicel 
development (Kayes and Clark, 1998; Yu et al., 2000; Diévart et al., 2003; Song and Clark, 
2005; Müller et al., 2008). The clv2 mutants in the Ler background develop longer pedicels 
than wild-type Ler plants (Kayes and Clark, 1998; Wang et al., 2008), demonstrating that 
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CLV2 also plays a role in suppressing pedicel growth. The crn mutants, exhibiting a similar 
enlarged meristem as the clv mutants (Müller et al., 2008), also exerted a function in the 
pedicel length regulation by developing a longer pedicel. PER:CLV1 transformed into Ler 
plants rescued the er pedicel phenotype (Diévart et al., 2003). Furthermore, the pol and pll1 
mutants develop shorter pedicels in the Ler background than in wild type, indicating that 
these mutants enhance the er pedicel phenotype and that these genes are involved in 
promoting pedicel elongation (Yu et al., 2000; Song and Clark, 2005). However, the pol and 
pll1 pedicel phenotypes are only apparent in the er mutant background, suggesting that ER 
normally masks the role of POL and PLL1 in pedicel growth (Song and Clark, 2005). 
Altogether, we hypothesize that that a CLV-like pathway, which includes CLV1, CLV2, CRN, 
POL and PLL proteins, also functions in parallel/conjunction with ER to regulate pedicel 
development. Further evidence is needed to support this scenario and unravel this CLV 
pathway. 
 
MATERIALS and METHODS 
 
Plant materials and growth conditions 
 
The Col-0, Ler and Ws-2 ecotypes were used for transformation and as wild types for the 
respective phenotypic analyses. The clv1-12 and clv2-3 mutants were described previously 
(Kayes and Clark, 1998; Diévart et al., 2003). Arabidopsis plants were grown on soil in 
growth chambers or 0.5× Murashige and Skoog medium supplemented with 1% sucrose 
under a 16 h of light/8 h of dark regime at 22 °C.  
 
Plasmid constructions 
 
All recombinations were performed employing the GatewayTM system from Invitrogen. 
cDNAs of CLV1 and CLV2 genes were RT-PCR amplified from mRNA isolated from 
inflorescences using specific primers yielding entry clones. The primer pairs used were  5’-
GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGGCGATGAGACTTTTGAAG-3’ 
and 5’-GGG GACCACTTTGTACAAGAAAGCTGGGTGGAACGCGATCAAGTTCGCCA 
C-3’ for CLV1 amplification and 5’-GGGGACAAGTTTGTACAAAAAAGCAGGCTTCAT 
GATAAAGATTGCAGATTTCACT-3’ and 5’-GGGGACCACTTTGTACAAGAAAGCTG 
GGTTTAAGCTTTGGTCTGAAGAATATA-3’ for CLV2 amplification. Gateway-
compatible vectors containing enhanced cyan fluorescent protein (eCFP) and enhanced 
yellow fluorescent protein (eYFP) under the control of the CaMV 35S promoter (Immink et 
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al., 2002) were used for expression. The expression vectors encoding either CLV1 or CLV2 
with C-terminally fused fluorescent protein were obtained by an LR reaction. The expression 
clones were either used directly for protoplast transfection or were double digested with AscI 
and PacI, of which the resulting fragments were cloned into binary vector pGD121 (Immink 
et al., 2002) by ligation. As for the PER::CLV1-CFP construct, an overlapping extension PCR 
approach was employed. The promoter of ER was amplified with primers 5’-GGGGACAAG 
TTTGTACAAAAAAGCAGGCTTGAAATGAACAAAAGTCGAATTGG-3’and 5’-CTTCA 
AAAGTCTCATCGCCATTTCTCACACACAGTCTTAAAA-3’ and then fused with the 
CLV1-CFP fragment, which was amplified with primers 5’-TTTTAAGACTGTGTGTGAG 
AAATGGCGATGAGACTTTTGAAG-3’ and 5’-GGGGACCACTTTGTACAAGAAAGCT 
GGGTGATCGTTCAAACATTTGGCAA-3’ using the 35S::CLV1-CFP construct as template. 
The resulting fragment was cloned into the pDONR207 vector by a BP reaction and 
subsequently recombined into pKGW (Karimi et al., 2002). The binary constructs were 
transformed into the clv1-12 mutant for 35S::CLV1-CFP and PER::CLV1-CFP and the clv2-3 
mutants for 35S::CLV2-YFP. In addition, all fusion proteins were transformed to Col-0 and 
Ler with the exception of PER::CLV1-CFP. Plants were transformed by the floral-dip 
infiltration method (Clough et al., 1998). 
 
Transient expression in Arabidopsis protoplasts 
 
Arabidopsis protoplasts were prepared and transfected according to Nougalli Tonaco et al., 
(2006). Protoplasts were incubated overnight at 23°C and subsequently imaged for 
fluorescence. 
 
Localization studies by confocal microscopy 
 
The imaging of the fluorescent fusion proteins was done using an inverted confocal laser 
scanning microscope 510 (Carl Zeiss) with a 40× water lens. Protoplasts or transgenic plants 
were excited by 458 nm and 514 nm Argon ion laser lines for CFP and YFP, respectively. 
The pinholes were set at one Airy unit which corresponds to a theoretical thickness of 1 µm. 
Images were visualized and data were analyzed by LSM Image Browser. 
 
RT-PCR 
 
RT-PCRs were performed as described in previous studies (Chapters 3-5). PCR 
amplifications were performed with specific primers 5’-CCGCCACCGTCACATAG-3’and 
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5’-CCAACAGGTTTCTTCCCAGCT-3’ for CLV1. As a control, the specific primer pair (5’-
GCGGTTTTCCCCAGTGTTGTTG-3’ and 5’-TGCCTGGACCTGCTTCATCATACT-3’) 
for the ACTIN gene was used. 
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An intriguing and long-standing question in developmental biology is how plant cells 
communicate with each other and sense signals from their surrounding environment. Through 
research over past decades, it became clear that plant cells use membrane-localized receptors 
to perceive signals from their environment, which subsequently results in the initiation of 
downstream signaling (Kobe and Kajava, 2001; Torii, 2005). The membrane-associated 
receptors often form in multimeric complexes that contain receptor-like proteins (RLP) (Song 
et al., 1997; Jeong et al., 1999; Fritz-Laylin et al., 2005) as well as receptor-like kinase (RLK) 
proteins (Shiu and Bleecker, 2001a; 2001b). This is the case for the development of the shoot 
apical meristem (SAM) involving the CLAVATA1 (CLV1) and CLAVATA2 (CLV2) 
receptor molecules, as well as a small secreted polypeptide CLAVATA3 (CLV3) (Clark et al., 
1993; Clark et al., 1995; Clark et al., 1997; Kayes and Clark, 1998; Fletcher et al., 1999; 
Jeong et al., 1999; Brand et al., 2000; Schoof et al., 2000). The Arabidopsis gene CLV2 
encodes an LRR RLP acting in a functional CLV receptor complex that is involved in 
restricting the size of shoot meristem (Jeong et al., 1999). A total of 57 AtRLPs, which share 
sequence similarity and domain composition, have been identified in the Arabidopsis genome 
(Wang et al., 2008). However, the function of most AtRLPs remains elusive despite a 
genome-wide functional study into the roles of AtRLPs has been carried out recently (Wang 
et al., 2008). Given that fact that many AtRLPs originated from duplication events (Fritz-
Laylin et al., 2005), it is very likely that the lack of identification of biological functions for 
AtRLP genes may be explained by functional redundancy, a phenomenon that typically 
obscures studies employing a reverse genetics strategy, as has been described for many RLK 
gene family members (Cano-Delgado et al., 2004; Shpak et al., 2004; Albrecht et al., 2005; 
DeYoung et al., 2006; Hord et al., 2006). In the future, RNA interference (RNAi) or artificial 
microRNA (amiRNA) approaches to target the expression of multiple AtRLP genes 
simultaneously could be followed to circumvent the functional redundancy (Chuang and 
Meyerowitz, 2000; Miki and Shimamoto, 2005; Ellendorff et al., 2008; Ossowksi et al., 
2008). Alternatively, these multiple mutants of closely related AtRLP genes or potential co-
expressed AtRLP genes should be combined to reveal the function of these genes. 
 
The clv2 mutant displays weaker, although similar phenotypes as clv1 and clv3 mutants 
(Kayes and Clark, 1998; Diévart et al., 2003; Chapters 2; 3.1), while loss-of-function mutants 
of clv3 are phenotypically stronger than clv1 or clv2 null mutants (Fletcher et al., 1999; Kayes 
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and Clark, 1998; Dievart et al., 2003). In addition, CLV2 has a broader expression pattern, 
which may suggest a wider role for CLV2 in more developmental processes than only 
meristem development (Kayes and Clarks, 1998; Chapters 2; 3.1). Besides the broader role of 
CLV2, it is interesting to note that clv2 mutations, similar to clv1 mutations, are significantly 
affected by natural variation (Diévart et al., 2003; Chapters 3.1; 5), as has also been shown for 
the strubbelig (sub) and brassinosteroid insensitive1 (bri1) mutants (Chevalier et al., 2005; 
Cano-Delgado et al., 2004). The phenotype of clv2 in Col-0 (atrlp10) is also significantly 
enhanced by introduction into Ler background. Although our genetic interaction experiments 
indicated that the effect does not depend on the ER locus (Chapter 3.1), our observations 
imply that (a) CLV1/CLV2-modifying factor(s) exist(s) to co-regulate meristem development 
(Diévart et al., 2003; Chapters 3.1; 5). It would be interesting to identify these co-factor(s) in 
the future. 
 
Several lines of evidence suggest a role for CLV2 in root development. Over-expression of 
CLV3, CLE19 and CLE40 leads to an arrest of root growth (Casamitjana-Martinez et al., 
2003; Hobe et al., 2003; Fiers et al., 2004), while the clv2 mutant can suppress the short-root 
phenotype caused by ectopic expression of CLE19 (Fiers et al., 2005). In addition, clv2 failed 
to respond to exogenously supplied synthetic CLE peptide, which corresponds to the 
conserved CLE motif of the CLV3/ESR gene family (Fiers et al., 2005; Ito et al., 2006; Kondo 
et al., 2006), indicating that CLV2 is able to perceive the CLE ligands in the root. However, 
the clv2 mutant exhibits no visible root phenotype under normal growth conditions, 
suggesting that a redundant protein, most likely another AtRLP gene, compensates for the loss 
of CLV2 function in the root. We found that only a few AtRLP genes are expressed in the root, 
although their expression is quite low (Chapters 2; 3.1). Possibly, a root defect only will 
become apparent in combination of multiple mutants for these genes. This observation argues 
that a CLV-like pathway also operates in roots (Fiers et al., 2007), but no RLK involved in 
this process has been found, although some of the RLKs that are expressed in the root 
(Birnbaum et al., 2003; Nawy et al., 2005). As such, CORYNE/Suppressor of overexpression 
of LLP-2 (CRN/SOL2) and Barely Any Meristem1-3 (BAM1-3) might be the logical RLK 
candidates for the redundant role in root development, because of their pronounced expression 
in roots (DeYoung et al., 2006; Müller et al., 2008; Miwa et al., 2008). Specifically, like clv2 
mutants, crn/sol2 mutants did not respond to CLE peptide treatments (Müller et al., 2008; 
Miwa et al., 2008), suggesting that CRN, like CLV2, is involved in transmitting CLE signals. 
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Therefore, studies with different combinations of mutants of these genes will help to clarify 
their biological function in root development (Chapter 2; 3.1; 4). 
 
Interestingly, WOX5, a homologue of WUS, marks the root Quiescent Centre (QC) identity 
and is expressed very early in the hypophysial cell (Sarkar et al., 2007), which is strikingly 
similar to the role of WUS in the shoot meristem (Haecker et al., 2004; Sarkar et al., 2007). 
Furthermore, it has been shown recently that POL and PLL, in addition to their role in 
Arabidopsis SAM maintenance (Song and Clark, 2005; Song et al., 2006), also act in the root 
meristem development through regulating the expression of the WUS homolog WOX5 (Song 
et al., 2008). These findings strengthen the hypothesis that a CLV-like pathway exists in the 
root meristem, which might include CLV2, CRN, WOX5, POL and PLL1. Similarly, our 
results as well as previous reports (Song and Clark, 2005; DeYoung et al., 2006; Müller et al., 
2008) suggest that a CLV-related signaling pathway is involved in the regulation of leaf 
shape/size (Chapter 3.1) and pedicel length (Chapter 5). Interestingly, all these developmental 
pathways share some conserved factors such as POL and PLL, indicating common regulatory 
mechanisms exist in the developmental regulation of SAM, root meristem, leaf shape/size and 
pedicel growth. 
 
We provide evidence that two CLV2-related AtRLPs, AtRLP2 and AtRLP12, were capable to 
rescue clv2 mutants when expressed under the control of the CLV2 promoter (Chapter 4), 
suggesting that functional specification of these two AtRLPs may reside, at least in part, in 
their cis-regulatory elements. The importance of variation in expression pattern for the 
specificity in function of closely-related genes from multi-gene families while the proteins are 
interchangeable, has been documented for many genes such as the CLV1-like genes (BAM1-3, 
DeYoung et al., 2006; Hord et al., 2006), ERECTA-family (ER and ERL1-2, Shapk et al., 2004) 
and BRL-family members (BRI1, BRL1and BRL3; Cano-Delgado et al., 2004). However, the 
double mutant combinations of atrlp2 and atrlp12 mutants with atrlp10/clv2 did not show 
additive effects on growth of meristems and other organs when compared to that of the 
atrlp10/clv2 mutant, suggesting that other AtRLPs, such as AtRLP3 and AtRLP11 that are 
duplication counterparts of AtRLP2 and AtRLP12 respectively, can also replace the function 
of CLV2 in the regulation of the meristem development (Chapter 4). Therefore, additional 
phenotypes and the role of other AtRLP family members will become apparent only in the 
absence of the entire CLV2 close-related members as has been shown for ER, ERL1 and ERL2 
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(Shpak et al., 2004). 
 
Our studies in Chapter 4 revealed that several members of the AtRLP family can replace each 
other and are functionally equivalent. However, there are also family members with a similar 
protein domain organization, but that are clearly distinct from CLV2. This raised the question 
what determines the specificity in these proteins. We determined the function of the different 
domains by deletion analysis and generation of hybrid molecules (Chapter 4). CLV2 is still 
fully functional when the island domain is removed, while the C3-F region can be replaced by 
a close homologue (Chapter 4). Taken together, this study provided valuable information on 
the function of CLV2 domains that contribute to functional specificity and conservation. 
Despite these findings, little is known about the roles and specificity of other CLV2 domains, 
such as the transmembrane domain which is proposed to be the site for dimerization between 
CLV2 and CRN/SOL2 (Müller et al., 2008; Miwa et al., 2008). Of particular interest for 
future investigations are conserved residues flanking the LRR domain, which could be 
mutated to determine whether they are essential for CLV2 activity (Fritz-Laylin et al., 2005; 
van der Hoorn et al., 2005; Chapters 1; 3.1; 4).  
 
Previous studies proposed that CLV2 dimerizes with CLV1 to form an active receptor 
complex that binds the CLV3 ligand and initiates the downstream signaling pathway required 
for the maintenance of the stem cell population in the shoot apical meristem (Jeong et al. 
1999; Trotochaud et al., 1999; Rojo et al., 2002; Dievart and Clark, 2004). The CLV2 protein 
was regarded as a stabilizer for the CLV1 protein based on the observation that CLV1 protein 
levels were reported to be reduced by over 90% in clv2 loss-of-function mutants (Jeong et al., 
1999). In addition to CLV1, the receptor kinase CRN/SOL2 acts closely together with CLV2 
to transmit the CLV3 signal independently but in parallel with CLV1 (Müller et al., 2008; 
Miwa et al., 2008). CRN/SOL2 has a kinase domain which might create a fully functional 
transmembrane receptor kinase together with CLV2 through dimerization in the 
transmembrane domains (Müller et al., 2008). This raises the hypothesis that CLV3 could bind 
CLV2 directly. However, whether CLV3 peptide can directly bind to the extracelluar domain 
of CLV2 remains to be validated. Nevertheless, the CLV3 signal is probably transduced 
through two separate receptor complexes, comprising CLV1/CLV2 (or CLV1 alone) and 
CRN/CLV2 (Müller et al., 2008). Despite these observations, the role of CLV2 in these 
signaling pathways remains largely unresolved. 
Conclusions and perspectives 
 
 169 
 
The CLV pathway is largely built on genetic data whereas direct biochemical evidence for the 
mode of action of the proteins involved is largely missing (Jeong et al. 1999; Trotochaud et 
al., 1999; Müller et al., 2008). Only very recently, it has been shown that the CLV3 peptide 
directly binds to the CLV1 ectodomain (Ogawa et al., 2008). In an effort to understand the 
physical interactions of the CLV proteins and their localization, we created fluorescently 
tagged versions of CLV1 and CLV2 (Chapter 5). These fusion proteins appeared to be 
targeted to the plasma membrane, displaying a common subcellular localization (Chapter 5). 
The functionality of the fusion proteins was confirmed by complementation of the respective 
mutants (Chapter 5). It has been postulated that the CLV1/CLV2 receptor complex resides in 
the plasma membrane to perceive the CLV3 ligand (Jeong et al. 1999; Trotochaud et al., 
1999; Diévart et al., 2003). Our localization studies support this scenario. Unfortunately, it 
was not possible to determine a direct interaction between CLV1 and CLV2 in the framework 
of this Ph.D study. However, it is obvious that the interaction study can be the immediate next 
step using the available fluorescently-tagged CLV1 and CLV2 proteins and the stable 
transgenic lines generated in this study (Chapter 5). Furthermore, the study can be extended to 
visualize the components of the CLV signaling complex and follow their dynamics during 
plant growth. Furthermore, the labelled CLV-receptors can also be used for the isolation and 
identification of unknown components of the CLV receptor complex. For instance, it would 
be interesting to investigate whether CLV2 and CRN/SOL2 interact directly as proposed 
(Müller et al., 2008; Miwa et al., 2008). Indeed, a preliminary study using a similar approach 
supports the interaction of CLV2 and CRN/SOL2 (Y-F. Zhu and C-M. Liu, personal 
communication). It also intrigues to determine whether the CLV3 or other possible CLE(s) 
are directly interacting with the CLV2/CRN receptor complex. Undoubtedly, the tools 
generated in this study will be of great help for future experiments aiming to unravel the CLV 
signaling pathway. 
 
AKNOWLEDGEMENTS 
 
We thank Prof. Hiroo Fukuda and Dr. Yuki Hirakawa (University of Tokyo, Japan) and Prof. 
Dr. Rüdiger Simon (Heinrich-Heine Universität Düsseldorf, Germany) for their helpful 
discussions and useful suggestions. We also grateful to Mr. Yingfang Zhu and Prof. Chun-
Ming Liu (Center for Signal Transduction & Metabolomics, Institute of Botany, Chinese 
Academy of Sciences, China) for sharing unpublished data. 
Chapter 6 
 
 170
 
REFERENCES 
 
Albrecht, C., Russinova, E., Kemmerling, B., Kwaaitaal, M., and de Vries, S.C. (2008). 
Arabidopsis SOMATIC EMBRYOGENESIS RECEPTOR KINASE proteins serve brassinosteroid-
dependent and -independent signaling pathways. Plant Physiol.  148: 611-619 
 
Birnbaum, K., Shasha, D.E., Wang, J.Y., Jung, J., Lambert, G.M., Galbraith, D.W., and Benfey P. 
N. (2003). A gene expression map of the Arabidopsis root. Science 302: 1956-1960 
 
Brand, U., Fletcher, J.C., Hobe, M., Meyerowitz, E.M., and Simon, R. (2000). Dependence of stem 
cell fate in Arabidopsis on a feedback loop regulated by CLV3 activity. Science 289: 617- 619 
 
Cano-Delgado, A., Yin, Y., Yu, C., Vafeados, D., Mora-Garcia, S., Cheng, J.C., Nam, K.H., Li, J., 
and Chory, J. (2004) BRL1 and BRL3 are novel brassinosteroid receptors that function in vascular 
differentiation in Arabidopsis. Development 131: 5341-5351 
 
Chevalier, D., Batoux, M., Fulton, L., Pfister, K., Yadav, RK., Schellenberg, M., and Schneitz, K. 
(2005). STRUBBELIG defines a receptor kinase-mediated signaling pathway regulating organ 
development in Arabidopsis. Proc. Natl. Acad. Sci. USA 102: 9074-9079 
 
Chuang C.F., and Meyerowitz, E.M. (2000). Specific and heritable genetic interference by double-
stranded RNA in Arabidopsis thaliana. Proc. Natl. Acad. Sci. USA  97: 4985-4990 
 
Clark, S.E., Running, M.P., and Meyerowitz, E.M. (1993). CLAVATA1, a regulator of meristem and 
flower development in Arabidopsis. Development 119: 397-418 
 
Clark, S.E., Running, M.P., and Meyerowitz, E.M. (1995). CLAVATA3 is a specific regulator of shoot 
and floral meristem development affecting the same processes as CLAVATA1. Development 121: 
2057-2067 
 
Clark, S.E., Williams, R.W., and Meyerowitz, E.M. (1997). The CLAVATA1 gene encodes a putative 
receptor kinase that controls shoot and floral meristem size in Arabidopsis. Cell 89: 575-585 
 
DeYoung, B.J., Bickle, K.L., Schrage, K.J., Muskett, P., Patel, K., and Clark, S.E. (2006). The 
Clavata1-related BAM1, BAM2 and BAM3 receptor kinase-like proteins are required for meristem 
function in Arabidopsis. Plant J. 45: 1-16 
 
Diévart, A., Dalal, M., Tax, F.E., Lacey, A.D., Huttly, A., Li, J.M., and Clark, S.E. (2003). 
CLAVATA1 dominant-negative alleles reveal functional overlap between multiple receptor kinases that 
regulate meristem and organ development. Plant Cell 15: 1198-1211 
 
Dievart, A., and Clark, S.E. (2004). LRR-containing receptors regulating plant development and 
defense. Development 131: 251-261 
 
Fiers, M., Hause, G., Boutilier, K., Casamitjana-Martinez, E., Weijers, D., Offringa, D., van der 
Geest, L., van Lookeren Campagne, M., and Liu, C.M. (2004). Mis-expression of the CLV3/ESR-like 
gene CLE19 in Arabidopsis leads to a consumption of root meristem. Gene 327: 37-49 
 
Fiers, M., Golemiec, E., Xu, J., van der Geest, L., Heidstra, R., Stiekema, W., and Liu, C,M.  
(2005).The 14-amino acid CLV3, CLE19 and CLE40 peptides trigger consumption of the root 
meristem in Arabidopsis through a CLAVATA2-dependent pathway. Plant Cell 17: 2542-2553 
 
Fiers, M., Ku, K.L. and Liu, C.M. (2007). CLE peptide ligands and their roles in establishing 
meristems. Curr. Opin. Plant Biol. 10: 39-43 
 
Fletcher, J.C., Brand, U., Running, M.P., Simon, R., and Meyerowitz, E.M. (1999). Signaling of cell  
Conclusions and perspectives 
 
 171 
fate decisions by CLAVATA3 in Arabidopsis shoot meristems. Science 283: 1911-1914 
 
Fritz-Laylin, L.K., Krishnamurthy, N., Tor, M., Sjolander, K.V., and Jones, J.D. (2005). 
Phylogenomic analysis of the receptor-like proteins of rice and arabidopsis. Plant Physiol. 138: 611-
623 
 
Haecker, A., Groß-Hardt, R., Geiges, B., Sarkar, A., Breuninger, H., Herrmann, M., and Laux, T.  
(2004). Expression dynamics of WOX genes mark cell fate decisions during early embryonic 
patterning in Arabidopsis thaliana. Development 131: 657-668. 
 
Hobe, M., Muller, R., Grunewald, M., Brand, U., and Simon, R. (2003). Loss of CLE40, a protein 
functionally equivalent to the stem cell restricting signal CLV3, enhances root waving in Arabidopsis. 
Dev. Genes Evol. 213: 371-381 
 
Hord, C.L., Chen, C., DeYoung, B.J., Clark, S.E., and Ma, H. (2006). The BAM1/BAM2 receptor-like 
kinases are important regulators of Arabidopsis early anther development. Plant Cell 18: 1667-1680 
 
Ito, Y., Nakanomyo, I., Motose, H., Iwamoto, K., Sawa, S., Dohmae, N., and Fukuda, H. (2006). 
Dodeca-CLE Peptides as Suppressors of Plant Stem Cell Differentiation. Science 313: 842-845 
 
Jeong, S., Trotochaud, A.E., and Clark, S.E. (1999). The Arabidopsis CLAVATA2 gene encodes a 
receptor-like protein required for the stability of the CLAVATA1 receptor-like kinase. Plant Cell 11: 
1925-1933 
 
Kayes, J.M., and Clark, S.E. (1998). CLAVATA2, a regulator of meristem and organ development in 
Arabidopsis. Development 125: 3843-3851 
 
Kobe, B., and Kajava, A.V. (2001). The leucine-rich repeat as a protein recognition motif. Curr. Opin. 
Struct. Biol. 11: 725-732 
 
Kondo, T., Sawa, S., Kinoshita, A., Mizuno, S., Kakimoto, T., Fukuda, H., and Sakagami, Y. 
(2006). A plant peptide encoded by CLV3 identified by in situ MALDI-TOF MS analysis. Science 313: 
845-846 
 
Miki, D., Itoh, R., and Shimamoto, K. (2005). RNA silencing of single and multiple members in a 
gene family of rice. Plant Physiol. 138: 1903-1913 
 
Miwa, H., Betsuyaku. S., Iwamoto, K., Kinoshita, A., Fukuda, H., and Sawa, S. (2008). The 
receptor-like kinase SOL2 mediates CLE signaling in Arabidopsis. Plant and Cell Physiol. 
doi:10.1093/pcp/pcn148 
 
Müller, R., Bleckmann, A., and Simon, R. (2008). The receptor kinase CORYNE of Arabidopsis 
transmits the stem cell-limiting signal CLAVATA3 independently of CLAVATA1. Plant Cell 20: 934-
946. 
 
Nawy, T., Lee, J.Y., Colinas, J., Wang, J.Y., Thongrod, S.C., Malamy, J.E., Birnbaum, K., and 
Benfey, P.N. (2005). Transcriptional profile of the Arabidopsis root quiescent center. Plant Cell 7: 
1908-1925 
 
Ogawa, M., Shinohara, H., Sakagami, Y., and Matsubayashi, Y. (2008). Arabidopsis CLV3 peptide 
directly binds CLV1 ectodomain. Science 319: 294 
 
Ossowksi, S., Schwab, R., and Weigel, D. (2008). Gene silencing in plants using artificial 
microRNAs and other small RNAs. Plant J. 53: 674-690 
 
Rojo, E., Sharma, V.K., Kovaleva, V., Raikhel, N.V., and Fletcher, J.C. (2002). CLV3 is localized to 
the extracellular space, where it activates the Arabidopsis CLAVATA stem cell signaling pathway. 
Chapter 6 
 
 172
Plant Cell 14: 969– 977 
 
Sarkar, A., Luijten, M., Miyashima, S., Lenhard, M., Hashimoto, T., Nakajima, K., Scheres, B., 
Heidstra, R. and Laux, T. (2007). Conserved factors regulate signaling in Arabidopsis shoot and root 
stem cell organizers. Nature 446: 811-814 
 
Schoof, H., Lenhard, M., Haecker, A., Mayer, K.F.X., Jürgens, G., and Laux, T. (2000). The stem 
cell population of Arabidopsis shoot meristems is maintained by a regulatory loop between the 
CLAVATA and WUSCHEL genes. Cell 100: 635-644 
 
Shpak, E.D., Berthiaume, C.T., Hill, E.J., and Torii, K.U. (2004). Synergistic interaction of three 
ERECTA-family receptor-like kinases controls Arabidopsis organ growth and flower development by 
promoting cell proliferation. Development 131: 1491-1501 
 
Shiu, S.-H., and Bleecker, A. B. (2001a). Plant receptor-like kinase gene family: diversity, function, 
and signaling. Science STKE. RE22 
 
Shiu, S.-H., and Bleecker, A.B. (2001b). Receptor-like kinases from Arabidopsis form a monophyletic 
gene family related to animal receptor kinases. Proc. Natl. Acad. Sci. USA 98: 10763-10768 
 
Song, W.-Y., Pi, L.-Y., Wang, G.-L., Gardner, J., Holsten, T.E., and Ronald, P.C. (1997).  Evolution 
of the rice Xa21 disease resistance gene family. Plant Cell 9: 1279-1287 
 
Song, S.K., and Clark, S.E. (2005). POL and related phosphatases are dosage-sensitive regulators 
of meristem and organ development in Arabidopsis. Dev. Biol. 285: 272-284 
 
Song, S.K., Lee, M.M., and Clark, S.E. (2006). POL and PLL1 phosphatases are CLAVATA1 
signaling intermediates required for Arabidopsis shoot and floral stem cells. Development 133: 4691-
4698 
 
Song, S.K., Hofhuis, H., Lee, M.M., and Clark, S.E. (2008). Key divisions in the early arabidopsis 
embryo require POL and PLL1 phosphatases to establish the root stem cell organizer and vascular 
axis. Dev. Cell 15: 98-109 
 
Torii, K.U. (2005). Leucine-rich repeat receptor kinases in plants: structure, function, and signal 
transduction pathways. Int. Rev. of Cyt. 234: 1-46 
 
Trotochaud, A.E., Hao, T., Wu, G., Yang, Z., and Clark, S.E. (1999). The CLAVATA1 receptor-like 
kinase requires CLAVATA3 for its assembly into a signaling complex that includes KAPP and a Rho-
related protein. Plant Cell 11: 393-405 
 
van der Hoorn, R.A.L., Wulff, B., Rivas, S., Durrant, M.C., Van der Ploeg, A., De Wit, P.J.G.M., 
and Jones, J.D.G. (2005). Structure-function analysis of Cf-9, a receptor-like protein with 
extracytoplasmic leucine-rich repeats. Plant Cell 17: 1000-1015 
Summary 
 
 173 
 
SUMMARY 
 
In this thesis, we described the research aimed at understanding the role of receptor-like 
proteins (RLP) in Arabidopsis developmental signaling with a focus on CLAVATA2 (CLV2). 
CLV2 plays an important role in the regulation of shoot apical meristem and in the 
development of many organs (Chapters 2-5). Fifty-seven RLPs have been indentified in 
Arabidopsis, while previously only a few have been functionally characterized (Chapters 2-3). 
Therefore, the research started with a genome-wide functional characterization of AtRLP 
genes by T-DNA insertion mutagenesis (Chapter 2). This was followed by a study focusing 
on the CLV2 protein to determine functional equivalents among CLV2 subfamily, and 
domains that contribute to CLV2 specificity, and the localization and interaction of CLV1 and 
CLV2 (Chapters 3-5). 
 
Chapter 1 provides an introduction to receptor-like kinases (RLK) and RLPs. With a focus 
on the CLV2 protein, we combined all published information related to CLV2 as well as other 
functionally characterized RLPs in different plant species. The chapter elaborates on the 
emerging picture that many RLKs and RLPs undergo endocytosis as an essential part of the 
signaling pathway. Subsequently, the function of distinct domains and the role of conserved 
residues involved in the determination of ligand specificity and perception of a few examples 
are discussed. This chapter concludes with a discussion on the current view on how RLK and 
RLP proteins act in the multimeric complexes to sense the extracellular signals. 
 
In Chapter 2, a genome-wide functional characterization of AtRLP genes was carried out. As 
a start, we assembled a genome-wide collection of T-DNA insertion lines for the AtRLP 
genes. Subsequently, the collection was functionally analyzed with respect to plant growth 
and development and sensitivity to various (a)-biotic stresses including susceptibility toward 
various pathogens. Thus, the T-DNA insertion lines for the AtRLP genes that we generated in 
this study provide a valuable resource for further investigations (Chapters 3-5) into the 
biological roles of AtRLP genes. 
 
In Chapter 3, two AtRLPs, AtRLP10/CLV2 and AtRLP37, were further investigated. The 
clv2/atrlp10 mutants have the enlarged meristems upon exogenous CLE ligand application, 
suggesting that CLV2 is required for perceiving CLE peptides in the shoot apical meristem as 
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well as in the root. Ectopic expression of CLV2 mimics the clv2 mutants that exhibit multi-
carpels. The CLV2 gene exhibits a constitutive expression that is in agreement with its basic 
role in the development of meristems and of many other organs including leaves (Kayes and 
Clark, 1998; Wang et al., 2008). Initial studies have shown that functional CLV2-GFP is 
expressed weakly but specifically in the root apical meristem. The genetic crosses suggested 
that the phenotype of various clv2/atrlp10 alleles is affected significantly by natural variation 
among different Arabidopsis ecotypes, while the reinforcement of the atrlp10 phenotype in 
Ler is not caused by the er mutation (Chapter 3.1). 
 
In Chapter 3.2, we describe that one of the AtRLP37 T-DNA insertion lines exhibited an 
embryo-lethality phenotype. However, the failure to complement the embryo-lethality by a 
wild-type copy of AtRLP37 and RLP37-GFP indicated that the embryo-lethality phenotype in 
this T-DNA insertion line was not due to impaired AtRLP37. This conclusion was also 
supported by absence of clear AtRLP37 expression in seeds. 
 
Chapter 4 describes the functional analysis of CLV2 subfamily members and identification 
of functional domains of CLV2 that contribute to specificity. To gain new insights into the 
biological roles of AtRLPs, we identified eight AtRLPs that share high sequence similarity 
with CLV2 and have a similar domain organization. We found that out of four Arabidopsis 
CLV2 homologues tested, only AtRLP2 and AtRLP12 could functionally rescue the clv2 
mutant when expressed under the control of the CLV2 promoter. Together with previous 
results (Chapter 2), this suggests functional redundancy and diversity among CLV2 
homologues. However, the double mutants atrlp2 atrlp12, atrlp2 atrlp10 and atrlp12 atrlp10 
exhibited no phenotype nor significant alterations when compared with wild type or atrlp10 
(clv2). These findings suggest that some of the CLV2-like members act redundantly with other 
members of the family and reinforce our understanding of the high level of functional 
redundancy among the AtRLPs. We further carried out deletion analyses to dissect functional 
domains of CLV2 and made chimeric molecules between CLV2 and the related, but 
functionally distinct, AtRLP38 to determine the domains of CLV2 that specify its function. 
Our results indicated that the island domain is not important for CLV2 function, whereas the 
C1 and C3 regions of the LRR domain are essential. Analyses of the CLV2RLP38 chimeras 
have revealed that the C3-F region of CLV2 can be functionally replaced by the 
corresponding part of AtRLP38, while the C1 domain can not be replaced. This indicates that 
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the C3-F region is functionally conserved and might be involved in dimerization, whereas the 
C1 fragment may determine the functional specificity of CLV2. 
 
In Chapter 5, the subcellular localization of CLV1 and CLV2 has been studied by 
fluorescently-tagged proteins. We showed that functional CLV1 and CLV2 fusion proteins 
are targeted to the plasma membrane, supporting the possibility that CLV1 and CLV2 may 
directly interact with each other. Furthermore, ectopic expression of CFP/YFP tagged-CLV1 
and CLV2 driven by the 35S CaMV promoter in transgenic plants resulted in a mutant 
phenotype, which is most likely caused by a dominant-negative effect in case of CLV1 and 
possibly co-suppression in the case of CLV2. In addition, we provide evidence that CLV1 
plays a role in the regulation of pedicel length. As such, the stable transgenic lines and tagged 
CLV1/CLV2 proteins generated in this study are valuable tools for future studies on the in 
vivo dynamics of the fusion proteins, heterodimerization of CLV1 and CLV2, and the 
identification of CLV receptor complex components. 
 
Chapter 6 summarizes this thesis with concluding remarks and future perspectives. In this 
chapter, the implication of the findings described in this thesis is discussed in a broader 
perspective with specific emphasis on the selected topics and future research. These include 
new approaches to circumvent the high degree of functional redundancy among AtRLPs, the 
function of CLV1/CLV2 interacting factors in various ecotypes and the potential role of 
AtRLP2 and AtRLP12. Furthermore, the physical interaction between CLV1 and CLV2, 
unraveling the components of the CLV signaling complex, and visualizing the dynamics of 
CLV receptor complex are also discussed in a broader context. 
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SAMENVATTING 
 
In dit proefschrift is het onderzoek beschreven naar de rol van receptorachtige eiwitten 
(receptor-like proteins; RLPs) in de ontwikkeling van Arabidopsis. De nadruk ligt op de 
CLAVATA2 (CLV2) RLP door de belangrijke functie van CLV2 in de regulatie van het 
scheutmeristeem en in de ontwikkeling van verscheidene organen (Hoofdstuk 2-5). 
 
In Arabidopsis zijn 57 RLP’s geïdentificeerd waarvan er maar een paar functioneel zijn 
gekarakeriseerd (Hoofdstuk 2-3). Om deze reden werd allereerst begonnen met een genoom-
brede analyse van de RLP genen door middel van T-DNA insertie mutanten (Hoofdstuk 2). 
Dit onderzoek werd gevolgd door een gedetailleerde studie van CLV2 op zoek naar 
functionele equivalenten in de RLP familie en specifieke domeinen die bijdragen aan de 
specificiteit van CLV2 en de interactie van CLV2 met CLV1 (Hoofdstuk 3-5). 
 
Hoofdstuk 1 is een introcuctie in de familie van receptorachtige kinasen (receptor-like 
kinases (RLK’s) en RLP’s. In dit hoofdstuk word de functie van CLV2 beschreven en 
vergeleken met andere bekende RLP genen uit verschillende plantensoorten en wordt 
ingegaan op de rol van endocytosis in de signaaltransductie van dit type receporen. Verder 
wordt ingegaan op de rol van specifieke domeinen en geconserveerde residuen die betrokken 
zijn bij de ligand specificiteit en herkenning. Dit hoofdstuk word afgesloten met een discussie 
over hoe RLK en RLP eiwitten kunnen interacteren in verschillende receptorcomplexen en 
zodoende in staat zijn om verschillende signalen  van buiten de cel te detecteren en door te 
geven binnenin de cel. 
 
In Hoofdstuk 2 wordt een genoom-brede functionele karakterisatie beschreven van de 
Arabidopsis RLP genen. We begonnen met het maken van een T-DNA insertiecollectie van 
alle Arabidopsis RLP genen. Deze collectie werd vervolgens geanalyseerd aangaande 
plantontwikkeling en gevoeligheid voor verschillende biotische en abiotische factoren 
inclusief een eventuele resistentie of gevoeligheid voor verschillende pathogenen. 
 
De T-DNA insertiecollectie die voor dit onderzoek werd gegenereerd is een waardevol en 
zeer bruikbaar hulpmiddel voor toekomstig onderzoek naar de rol van AtRLP genen in 
verschillende biologische processen. 
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In Hoofdstuk 3 worden de resultaten beschreven van een gedetailleerd onderzoek over twee 
AtRLP genen, namelijk AtRLP10/CLV2 (3.1) en AtRLP37 (3.2). 
 
De atrlp10/clv2 mutant behoud zijn vergrootte meristeem in de aanwezigheid van exogeen 
toegevoegde CLE peptiden wat suggereerd dat CLV2 is betrokken bij de perceptie van CLE-
peptiden in zowel het scheutmeristeem alsook in het wortelmeristeem. Het phenotype 
verkregen door over-expressie van CLV2, is vergelijkbaar met de clv2 mutant welke extra 
carpels bezit. CLV2 komt breed tot expressie wat in overeenstemming is met de fundamentele 
rol van CLV2 in de ontwikkeling van verschillende organenen alsook het Arabidopsis 
meristeem (Kayes and Clark, 1998; Wang et al., 2008). In dit hoofdstuk laten we zien dat een 
functioneel CLV2-GFP gen tot expressie komt in het wortelmeristeem. De resultaten van de 
verschilende kruisingen laten zien dat het clv2/atrlp10 fenotype sterk wordt beïnvloed door de 
verschillen tussen natuurlijke Arabidopsis variëteiten en dat het atrlp10 fenotype in het 
ecotype Ler niet wordt veroorzaakt door de er mutatie. 
 
In Hoofdstuk 3.2 worden de resultaten van een T-DNA insertie in AtRLP37 beschreven wat 
resulteerde in een embryo-letaal fenotype. De poging om dit fenotype te complementeren 
door het inbrengen van een genomische cloon van AtRLP37 of RLP37-GFP waren niet 
succesvol wat suggereert dat het embryo-letaal fenotype niet wordt veroorzaakt door 
AtRLP37.  
 
Hoofdstuk 4 bevat de resultaten van een functionele analyse van de CLV2 subfamilie en de 
identificatie van de functionele domeinen van CLV2 welke bijdragen aan de specificiteit. Om 
meer inzicht te krijgen in de biologische rol van de verschillende RLP’s werden 8 RLP’s 
geïdentificeerd die een hoge sequentie overeenkomst gemeen hebben met CLV2 en een 
vergelijkbare domeinstructuur. Van de 4 geteste Arabidopsis CLV2 homologen alleen AtRLP2 
en AtRLP12, onder controle van de CLV2 promoter, bleken in staat om de clv2 mutant 
functioneel te complementeren. Samen met de vorige resultaten (Hoofdstuk 2), onthult dit een 
functionele redundantie onder de CLV2 homologen. Echter de dubbelmutanten, 
atrlp2/atrlp12, atrlp2/atrlp10 en atrlp12/atrlp10, vertoonden geen verschil met wild type of 
atrlp10 (clv2). Deze resultaten laten zien dat sommige CLV2-gerelateerde genen functioneel 
uitwisselbaar zijn en verschaffen nieuw inzicht in de functionele redundantie tussen de 
AtRLPs. 
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Naast het uitwisselen van hele AtRLP genen werden ook alleen domeinen verwisseld tussen 
CLV2 en het niet functioneel redundante AtRLP38 om de functionele domeinen te 
identificeren van CLV2. Dit onderzoek werd aangevuld met een deletie-analyse van CLV2. 
 
De resultaten van dit onderzoek laten zien dat het eiland domein niet essentieel is voor de 
functie van CLV2, dit in tegenstelling tot de C1 en C3 gebieden van het LRR domein. 
Analyse van de CLV2/RLP38 chimeren laat zien dat het C3-F domein van CLV2 kan worden 
vervangen door het corresponderende domein van van AtRLP38 terwijl dit niet mogelijk is 
met het C1-domein. De resultaten samenvattend is het C3-F domein functioneel 
geconserveerd en waarschijnlijk betrokken bij de formatie van het receptorcomplex en bepaalt 
het C1-domein mogelijk de CLV2 specificiteit. 
 
De studie naar de sub-cellulaire localisatie van CLV1 en CLV2 door middel van fluorescent 
gelabelde eiwitten staat beschreven in Hoofdstuk 5. 
 
We laten zien dat de functionele CLV1 en CLV2 fusie-eiwitten naar de plasma-membraam 
worden gestuurd wat in overeenstemming is met de theorie dat CLV1 en CLV2 interacteren. 
Over-expressie van CLV1 en CLV2 gefuseerd met YFP of CFP resulteerde in een clv-mutant 
fenotype waarschijnlijk een gevolg van dominant-negatief, in het geval van CLV1, en 
mogelijk co-suppressie in het geval van CLV2. Verder laten we zien dat CLV1 ook een rol 
speelt in de regulatie van de pedicel lengte. 
 
De transgene Arabidopsis lijnen en fluorescent gelabelde CLV1/CLV2 eiwitten die 
gegenereert zijn tijdens dit onderzoek vormen waardevol gereedschap voor toekomstig 
onderzoek naar de CLV1/CLV2 interactie en de identificatie van de verschillende 
receptorcomplex componenten. 
 
Hoofstuk 6 bevat de samenvatting van dit proefschrift met slotconclusies en een 
toekomstvisie. In dit hoofdstuk worden de resultaten van dit proefschrift besproken in een 
breder perspectief inclusief mogelijk toekomstig onderzoek naar de redundantie onder RLP’s, 
de rol van AtRLP2 en AtRLP12, isolatie van het CLV receptorcomplex en de visualisatie van 
een dynamisch receptorcomplex. 
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